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GLOSSARY 
b-ELISA = biotin-enzyme-linked immunosorbent assay 
BSA = bovine serum albumin 
ELFA 
= enzyme-linked fluorescence assay 
EL I SA = enzyme-linked immunosorbent assay 
IRN internal rib necrosis 
L-IgG anti-LMV-immunoglobulin 
LMV 
= lettuce mosaic virus 
MUG = 4-methylumbelliferyl /j-D-galactopyranoside 
MUP 4-methylumbelliferyl phosphate 
NPP p-nitrophenylphosphate 
NRS = normal rabbit serum 
PEG = polyethylene glycol 
RED = rusty brown discoloration 
RIA radio immunoassay 
RISA = radio immunosorbent assay 
s-ELISA = standard-enzyme-linked immunosorbent assay 
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INTRODUCTION 
Seed transmission of plant pathogens is widely known to 
play an important role in the ecology and worldwide 
distribution of crop diseases. A number of plant viruses of 
major economic importance are among numerous phyto-
pathogenic microorganisms that are transmitted through 
seeds. By virtue of their unique relationships to host 
plants and seeds, phytoviruses pose special problems in 
their detection and control. 
With increased interest in understanding the nature of 
seed-borne viruses and their tremendous impact on worldwide 
agriculture due to international transfer of genetic 
resources for crop diversification and crop improvement, the 
list of seed-borne viruses has been growing. As virus 
detection and diagnostic techniques become more 
sophisticated and sensitive, the number of seed-borne plant 
viruses will probably continue to increase. 
For some viruses such as barley stripe mosaic and 
raspberry bushy dwarf, seed transmission may be the only 
mode of natural spread into a field, and dissemination to 
other geographical locations or continents. Barley stripe 
mosaic virus, for instance, can infect 100% of barley seeds 
from infected plants (Slykhius, 1967). However, the 
infection rate of seeds is not generally as high with most 
other plant viruses. In cases where seed transmission is 
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low, vectors such as nematodes, aphids, other insect 
vectors, and men can cause secondary spread in the 
production field. Secondary spread can result in 
substantial economic loss to producers. Lettuce mosaic 
virus (LMV) is an example of a virus that is transmitted in 
seeds and by aphids in a non-persistent manner (Tomlinson, 
1970; Grogan, 1980). LMV has the potential for rapid spread 
and economic loss (Shepherd, 1972). 
Because LMV can inflict a damaging disease wherever 
lettuce is grown and because primary inoculation is 
generally through seed transmission, virus-free seed is very 
important for disease control (Kimble et al., 1975). 
The need to develop a rapid, highly-sensitive, 
reproducible, and large scale virus detection technique 
becomes more evident upon consideration of the ecological 
and epidemiological importance of seed-borne viruses such as 
potato and legume viruses, and LMV. A variety of 
detection techniques for seed-borne viruses have been used. 
Conventional tests such as the grow-out and infectivity 
tests have yielded satisfactory results. The widespread use 
of these tests, however, has been limited because of 
requirements for excessive greenhouse space, extensive 
labor, and maintenance requirements. 
Serological techniques such as microprecipitin and agar 
gel diffusion tests have substantially reduced labor and 
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environmental requirements of the greenhouse grow-out test. 
The highly desirable, specific nature of the antigen-
antibody reaction which eliminates the need for a large 
number of indicator test plants has made such techniques 
particularly attractive. Tests using indicator plants can 
have limitations induced by low virus concentration or the 
presence of virus inactivators or inhibitors in plant 
extracts. Sometimes, these limitations can be circumvented 
by employing enzyme immunoassays. The advent of enzyme-
labeled or isotope-labeled immunosorbent assays are 
undoubtedly two of the most sensitive and specific virus 
detection and diagnostic techniques currently available. 
Both of these techniques are likely to succeed in detecting 
the presence and quantity of some viruses that are 
perpetuated through.seed. In addition, these techniques can 
be automated. However, the use of isotopes for labeling is 
subject to restrictive legislation regarding public health 
hazards and may use reagents with a short half-life. In 
contrast, enzyme immunoassays are free from restrictive 
legislation. The reagents used have a longer half-life and 
equipment required is rather inexpensive. However, one must 
always remember that virus antigen and not infectious virus 
is detected. 
The major objective of this investigation was to 
determine the possibility of developing an enzyme-linked 
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immunosorbent assay for detecting and quantifying lettuce 
mosaic virus in commercial lettuce seeds. The development 
of an improved ELISA for lettuce mosaic virus may provide a 
model for seedlot certification and development for other 
seed-transmitted viruses. 
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OBJECTIVES OF THE STUDY 
The objectives of the study are the following: (1) to 
develop an enhanced enzyme immunoassay(s) for the detection 
of LMV in purified preparations and seed extracts; (2) to 
compare polystyrene microtiter plates with polystyrene beads 
used as solid-phase for immunoassays; (3) to determine the 
appropriate blocking buffer to reduce non-specific binding; 
(4) to determine the appropriate buffer for extraction of 
seeds used in preparing samples containing virus antigen; 
(5) to compare the sensitivity of the double antibody 
sandwich enzyme-linked immunosorbent assay with biotin-
avidin enzyme-linked immunosorbent assay for virus 
detection; (6) to compare the sensitivity of biotin-avidin 
enzyme-linked immunosorbent assay with enzyme-linked 
fluorescent assays; and (7) to determine the sensitivity of 
the enhanced enzyme immunoassay(s) for detection of LMV in 
commercially available lettuce seeds. 
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REVIEW OF LITERATURE 
Background 
Lettuce mosaic was first noted to be a transmissible 
mosaic disease of lettuce as early as 1914 in the state of 
New York. It was reported by Jagger (1921) in Florida in 
1920. Newhall (1923) demonstrated that the disease was 
mechanically transmissible. The disease was also 
recognized in Great Britain in 1931 (Ogilvie and Mulligan, 
1931) and subsequently investigated by Ainsworth and Ogilvie 
(1939) and Broadbent et al. (1951). In Great Britain, the 
disease was of great importance for both outdoor summer and 
winter lettuce (Moore, 1943, 1948). The mosaic disease 
could be serious enough to make the entire crop 
unmarketable. Broadbent et al. (1951) reported a 25% loss 
of lettuce due to the disease, and occasionally, the entire 
crop was destroyed. It was thought during those years that 
the disease was caused by adverse weather and unfavorable 
soil conditions, or by insect damage. A similar presumption 
existed in the United States of America for both the spring 
and late fall lettuce crop. 
Properties of LMV 
The viral agent belongs to the potato virus Y group 
(potyviruses). It possesses flexuous filamentous particles 
measuring ca. 750 x 13 nm (Tomlinson, 1970; Moghal and 
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Franki, 1981). Other measurements of the virus particles 
were reported to range from 630-650 nm long and 15-16 nm 
wide (Verma and Verma, 1979). LMV has a buoyant density of 
1.330 g/ml, a sedimentation coefficient of 143S, and a coat 
protein molecular weight of 34,000 daltons (Huttinga and 
Mosch, 1974). Moghal and Franki (1981) determined a 
slightly lower molecular weight of the protein sub-unit of 
LMV, 33,000 daltons. Earlier experiments of Moghal and 
Franki (1976) have shown that the coat protein of 
potyviruses can be prone to partial degradation by 
proteolysis. 
In lettuce sap, the thermal inactivation point is 50 to 
60°C for 10 min and the dilution end point is 1/10 - 1/100. 
Infectivity was retained for 1-2 days at 20°C. LMV can be 
artificially stabilized by the addition of 0.5% sodium 
sulfite (Ainsworth and Ogilvie, 1939), 0.1% thioglycollic 
acid (Tomlinson, 1964) or 0.1% 2-mercaptoethanol (Falk and 
Purcifull, 1983). 
Data on the host range of LMV are found in the work of 
Wilkinson and Hirsch (1952), Costa and Duffus (1958), Kemper 
(1962), Tomlinson (1964, 1970), Ryder (1970), Purcifull and 
Zitter (1971), Rogozzino et al. (1971), Schmelzer and Wolf 
(1971, 1977;, Providenti (1973), Edwardson (1974b), Lisa and 
Lovisolo (1976), Schmelzer et al. (1977), and Horvath (1979, 
1980a, 1980b). However, the virus was first isolated from 
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Lactuca sativa, L. The virus can induce the mosaic disease 
in almost all cultivars of lettuce. Horvath (1980b) lists a 
comprehensive review of the host range of LMV which includes 
19 spp. and 14 cv. of ^  sativa, L., and 2 var. of L. 
serriola, L. Table 1 shows a number of naturally- and 
artificially-infected hosts of the virus. The table 
includes plant spp. previously reported to be resistant to 
virus infection. Additional new natural hosts of LMV such 
as Cucurbita pepo, Iberis umbellata, Melilotus italica, 
Trifolium incarnatum, Tragopogon parrifolius, and some cv. 
of Cucurbita maxima and Phaseolus vulgaris were found in the 
western part of New York by Providenti (1973). 
Symptomatology 
The virus induces mottling, systemic mosaic symptoms, 
and vein clearing in almost all types of lettuce (Tomlinson, 
1970). In local lesion host plants like Chenopodium 
amaranticolor and C_^ quinoa, red-rimmed to pale green and 
chlorotic lesions are localized at presumed inoculation 
sites and systemic lesions appear later in the developing 
leaves (Tomlinson, 1970; Cannizaro et al., 1975). The 
latter host also exhibits conspicuous yellow, vein-net 
symptoms accompanied by twisting and stunting of the leaves. 
It is the most common plant spp. used for propagation and 
maintenance of the virus isolate (Tomlinson, 1970). 
Furthermore, the virus was reported to be responsible for 
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the development of internal rib necrosis (IRN) and rusty 
brown discoloration (RED; in sativa var. Climax (Coakley 
et al., 1973). No differences in the amount of IRN symptoms 
were noted for plants inoculated with LMV alone or along 
with beet western yellow virus (BWYV), a commonly occurring 
virus in some lettuce. Another important diagonistic 
species for LMV, Gomphrena globosa, produces whitish, local 
necrotic dots 4-7 days after inoculation which later 
converge into large red-rimmed lesions (Tomlinson, 1970). 
Transmission 
Investigations on virus transmission disclosed LMV was 
readily transmitted mechanically by sap (Watson and Roberts, 
1939; Polak et al., 1974; Grogan, 1980; Bannerot et al., 
1969; Marrou et al., 1967; Marrou, 1966, 1969; Ryder and 
Johnson, 1974; Bennett, 1969) and several spp. of aphids 
(Jagger, 1921) in a non-persistent (Watson and Roberts, 
1939; Grogan et al., 1952b; Tomlinson, 1970; Dickson and 
Laird, 1959; Kennedy and Eastop, 1962; Gonzales and Rawlins, 
1969) or stylet-borne manner (Providenti, 1973). Such 
characteristics when combined with virus seed-
transmissibility (Tomlinson, 1970; Grogan, 1980; Polak et 
al., 1974; Ryder and Johnson, 1974), can cause a potential 
threat to lettuce production (Shepherd, 1972). Several 
aphid species reported to spread LMV in the field are Nyzus 
persicae, Sulzer (Coakley et al., 1973; Stefanac and Mamula, 
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Table 1. List of plant families reported to be naturally 
and artificially infected with LMV and sources of 
resistance 
Family: 
Number of plant species 
Natural ArtTïicial Sources of 
hosts hosts resistance 
Aizoceae 
Amaranthaceae 
Boraginaceae 
Caryophillaceae 
Chenopodiaceae 
Compositae (Asteraceae) 
Geramiaceae 
Graminae (Poaceae) 
Labiatae (Lamiaceae) 
Malvaceae 
Martyniaceae 
Nolanaceae 
Polygonaceae 
Primulaceae 
Ranunculaceae 
Scrophulariaceae 
Solanaceae 
Umbelliferae (Apiaceae) 
1 
3 
9 
Cruciferae (Brassicaceae) 1 
Cucurbitaceae 
Fabaceae (Leguminosae 2 
and Papilionaceae) 
4 
2 
1 
1 
11 
82 
2 
2 
5 
1 
i 
1 
1 
1 
3 
1 
8 
6 
13 
9 
1 
6 
1 
2 
1 
8 
4 
TOTAL 21 121 63 
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1976; Naweocka et al., 1976; Gonzales and Rawlins, 1969), 
Macrosiphum euphorbiae, Thomas (Gonzales and Rawlins, 1969), 
M. barri, Essig (McLean and Kinsey, 1963); Acyrthopsiphum 
scariolae barri (Dickson and Laird, 1959; Kennedy and 
Eastop, 1962), A. pisum (Providenti, 1973) and Aphis 
gossypii (Sylvester, 1955). Transmission efficiency is 
directly proportional to increasing periods of fasting (5 to 
240 min), but inversely proportional to increasing 
acquisition time (5 to 120 min) (Sylvester, 1955). 
Frequency of aphid populations can also determine the 
extent of LMV transmission in the field. Using a 60 min 
acquisition feeding time, Providenti (1973) showed 17 and 
29% LMV infection with the use of 1 and 3 aphids 
(Acyrthosiphum pisum), respectively, per pea plant. 
Early studies showed the virus was seed-borne in 
lettuce (Newhall, 1923). This was later confirmed by 
Kassanis (1949). About 3 to 10% of the seedlings were 
observed as diseased when virus-infected seeds were used for 
planting (Couch, 1955). The time of infection of the mother 
plant (Couch, 1955) and the variety of lettuce (Grogan et 
al., 1952a, 1952b) can influence how much of the seed is 
infected. Seed transmission of LMV can take place through 
the ovule or pollen of infected plants (Ryder, 1964; 
Shepherd, 1972; Phatak, 1974). 
Generally, seed transmitted viruses are either carried 
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on seed surfaces (e.g., TMV) or on seed parts external to 
the embryo (e.g., SBMV) or in the embryo (e.g., LMV) 
(Phatak, 1974). Infection of the embryo can be brought 
about in three possible ways: the virus invades through (1) 
the embryo sac, (2) the ovule, and (3) the embryo directly 
or during some stage of its development following embryo 
initiation. LMV infects the ovule and becomes seed-borne 
(Phatak, 1974). The frequency of obtaining virus-infected 
seed depends on the time of infection of the mother plant. 
Couch (1955) found more virus-infected seeds from plants 
inoculated before flowering stage than from those inoculated 
after flowering. The virus was not transmitted via the 
seeds of plants infected after flowering. This suggests 
that it is essential for the virus to invade the ovule or 
the embryo sac for successful transmission. 
LMV has been reported to be seed-transmitted in other 
plant spp. such as Lactuca serriola (Van Hoof, 1959), 
Senecio vulgaris (Ainsworth and Ogilivie, 1939; Kemper, 
1962), but Fry (1952) reported otherwise. Kassanis (1949) 
questioned transmissibility of LMV through the seed of L. 
sativa var. Chestnut Early Giant, a common variety of 
lettuce used for diagnostic studies (Tomlinson, 1970). LMV 
was also isolated from lettuce grown from the seeds of the 
variety Bohemia (Polak et al., 1974). The seed-borne nature 
of LMV allows ubiquitous dissemination which usually occurs 
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from seedlings derived from infected seeds and also from 
adjacent infected plants (Broadbent et al., 1951; Grogan et 
al., 1952b; Zink et al., 1956) via aphid vectors. The 
population of aphids in the production field is directly 
proportional to the spread of LMV (Gonzales and Rawlins, 
1969). 
As Phatak (1974) noted, seed transmission is perhaps 
the only mode of natural spread for some viruses in the 
field. He listed 85 different viruses that are seed-borne 
in one or more hosts. Crowley (1957) listed 45 seed-
transmitted viruses in 4U plant spp. Fulton (1964) reported 
36 seed-borne viruses in 63 plant spp. Bennett (1969) and 
Shepherd (1972) expanded the list to about 50 seed-borne 
viruses. With improved techniques for detection, an 
increasing number of viruses may be shown to be seed-borne. 
The mode for secondary spread of some seed-borne viruses in 
the field is by insect vectors. A few infected progeny 
seedlings can be responsible for a severe crop infection due 
to the activities of the vectors present in the field. 
Seed transmission of some viruses may be significant 
for subsequent spread even when a low percentage of seeds 
carry the virus. LMV is rarely transmitted through more 
than 5% of seeds from infected plants. Some of the reported 
seed transmission rates of LMV are shown in Table 2. 
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Epidemiology 
LMV is ubiquitous. It is found wherever lettuce is 
grown because of its seed-borne nature. Von Der Pahlen and 
Crnko (1965) reported LMV infects lettuce naturally in 
Mendoza and Buenos Aires, Argentina. In Great Britain, Hall 
and Bennett (1970) detected LMV from 2 seed lots of LMV per 
17 samples tested. In Sweden, Nilssan (1968) reported a 
severe LMV infection of lettuce. Similarly, in Florida, 90% 
of the commercial seed lots of lettuce were reported to be 
infected with LMV (Zitter and Guzman, 1974). In New York, 
Bruckart and Lorbeer (1975) discovered mixed infections by 
LMV along with CMV (cowpea mosaic virus) and broad bean wilt 
virus (BBWV) in lettuce. 
Table 2. Percent seed transmission of LMV through some 
natural hosts 
Natural Hosts 1 LMV Author 
Lactuca sativa 1 .0-8.0 Shepherd, 1972 
L. sativa 3 .1 Newhall, 1923 
L. sativa 1 .0-3.0 Grogan, 1980 
L. sativa >1 Hall and Bennett, 
1970 
L. serriola 0 .2-0.62 Van Hoof, 1959 
Chenopodium quinoa 0 .4 Phatak, 1974 
Senecio vulgaris 2 .3 Phatak, 1974 
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Mosaic-infected seed can provide a primary inoculum source 
which is distributed randomly throughout the field. With 
the prevalence of aphid vectors in the field, the problem 
will be exasperated. Aphids feed on infected seedlings and 
thereby can transmit the virus to adjacent healthy plants. 
Transmission through seeds plays an important role in the 
perpetuation of the virus and in its distant dispersal. 
Seed transmission may be the most important inoculum source 
for the carryover of the virus from one season to the next. 
It is also necessary for the initiation of virus spread in 
successive seasons for some crops. Seed-borne inoculum is 
the source of primary infection. It provides numerous 
diseases foci for further spread by vectors. In addition, 
it is a more effective primary inoculum source than external 
sources. During high levels of aphid activities throughout 
the growing season in California, a 0.5% seed transmission 
rate of LMV may lead to a total loss of the crop (Grogan et 
al., 1952b). 
Physiological and Cytological Effects of LMV 
LMV induces physiological, and cytological changes in 
the host plant. The virus was implicated to cause IRN and 
RBD as pre- and post-harvest disorders (Coakley et al., 
1973; Ceponis, 1985). IRN was characterized by necrosis of 
the parenchyma cells along the midrib of the infected leaf. 
Necrosis of epidermal cells and may be accelerated 
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senescence were characteristics of RED. Association of IRN 
and RED with LMV was implicated to cause an increase in 
respiration rate. These findings agree with those by Diener 
(1963) and Matthews (1970) that increases in the respiration 
rates of virus infected plants are not uncommon. Further­
more, LMV-infected plants, as noted by Coakley et al. 
(1973), have respiration rates 1.5 times greater than virus-
free plants. Filamentous particles, various types of 
pinwheel inclusion bodies, bundles and laminated aggregates, 
in the cytoplasm (Goethals et al., 1969; Moghal and Franki, 
1981) are observed in cells of LMV-infected plants. Moghal 
and Franki (1981) noted very prominent laminated aggregates 
but very few easily recognizable bundles induced by LMV. A 
similar observation was made by Saric and Wrischer (1977) 
and Pares (1972) concerning the presence of pinwheel 
inclusion bodies in virus infected leaf cells. Cells of 
LMV-infected lettuce showed electron opaque inclusion bodies 
(Russo et al., 1972; Stefanac and Mamula, 1976). These 
inclusion bodies were surrounded by spherical ribosome-like 
particles, disturbed ground cytoplasm, and organelles with 
pinwheels associated with the endoplasmic reticulum or with 
the membrane of small vacuoles (Russo et al., 1972; Stefanac 
and Mamula, 1976). Saric and Wrischer (1977) also found 
that LMV infection induced hypertrophy of mitochondria 
reaching a size of several m in diameter. Edwardson (1966) 
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reported cytoplasmic inclusions in yellowed tissue of local 
lesions; however, there were no evident effects on the 
organelle structure. He later proposed (Edwardson, 1974a, 
1974b) that potyviruses can be divided into subgroups based 
on differences in the cell inclusions they induce. LMV, 
along with barley yellow mosaic virus (BYMV), pea mosaic 
virus (PMV), and another strain of PMV, induced inclusions 
characteristic of potyviruses which Edwardson (1974a) 
included in subgroup II. Other cytological effects induced 
by LMV infection on the chloroplast and mitochondria of 
mesophyll cells of C. quinoa were reported by Pares (1972). 
The number of chloroplasts found around the cell wall 
decreased. This phenomenon was caused by disorganization of 
infected cells which eventually led to the breakdown of the 
tonoplast. Pares (1972) also noted fewer to no grana in 
chloroplast from yellowed tissue. The alterations in 
chloroplast structure may have been a secondary effect of 
virus replication as suggested by Ushiyama and Matthews 
(1966). Pares (1972) observed enlarged mitochondria that 
exhibited distinct numerous cristae which sometimes became 
swollen to give a vesicle-like appearance. These 
characteristics may be a morphological expression of 
increased respiration rates in virus-infected plants. 
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LMV Effect on Yield 
Lettuce infected with LMV showed a 62% yield reduction 
(Ryder and Duffus, 1966). The effect of LMV can be 
magnified when one or more other viruses are present in the 
same host plant. The yield of lettuce declined by 76% when 
both LMV and beet western yellows (BWY) were present or by 
44% when BWY was present alone. LMV can also delay 
maturity, reduce seed stalk height, weight per seed, and 
number of seeds per plant (Ryder and Duffus, 1966). 
Weidemann and Rohloff (1976) considered the 40% reduction in 
lettuce seed weight as yield loss. The greatest losses were 
found when plants were infected as seedlings about 2 days 
before transplanting in the field. When the lettuce plants 
were inoculated 14 days before harvest, there was no effect 
on yield and quality. Yield loss was also associated with 
seasonal changes. During the summer, almost all lettuce 
varieties became infected with the virus in Germany. In 
spring and autumn, the crop was almost virus-free (McCoy, 
1969). He suggested that the high LMV incidence was due to 
the presence of aphids, particularly Nasonomia ribisnigri. 
He reported extensive crop loss during the periods of 1968-
1969 in Imperial Valley, California. 
In contrast, Grogan et al. (1952a) found that the 
spring crop often was severely infected by mosaic due to 
peak aphid activity and movement during that season. 
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Similarly, Broadbent (cited in Grogan et al., 1952a) noted 
that the peak of aphid populations in Southeast England 
determined the severity of LMV. He postulated that 
predators and parasites as well as heat from the soil 
surface in sunny weather may explain reduced aphid 
populations during summer. 
Control Measures 
The use of virus-free seed is a very effective control 
measure for the mosaic disease of lettuce in commercial 
production. This is based on the fact that infected seed is 
the primary inoculum source for the pathogen (Zitter and 
Guzman, 1974). The significance of using even very low 
percentages of seed-transmissible LMV is emphasized by the 
unsatisfactory control obtained when using seed lots 
containing greater than 0.1% infection (Zink et al., 1956; 
Tomlinson, 1962). To date, using virus-free seed can 
practically eliminate outbreaks of LMV in lettuce growing 
areas. Some researchers have proposed the use of "clean" 
seeds is imperative in the production of healthy lettuce 
(Rohloff, 1965; Grogan et al., 1952b; Grogan, 1980; Stefanac 
and Mamula, 1976; Hampton et al., 1982). 
Another strategy for effective control of LMV is the 
development and employment of varieties or cultivars of 
lettuce that can confer resistance to the virus. In this 
way, virus infection can be reduced. "Gallega," a Latin 
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type of lettuce, was found to be resistant to natural 
infection by LMV (Von Der Pahlen and Crnko, 1965). Nagai 
and Costa (1971) discovered resistance genes to mosaic virus 
in the cos-lettuce "Gallega de Invierno." Incorporation of 
this type of resistance that is conditioned by a pair of 
recessive genes, to yield resistant lines in the butter head 
types of lettuce was carried out by selection of advanced 
generations of the cross White Boston x Gallega de Invierno 
and by back cross of the F2's to "Sem Rival" (Baixada 
Fluminense). Marrou (1969).confirmed two lettuce 
cultivars, Gallega de Invierno and Romana larga verde, as 
tolerant to LMV. The seeds harvested on the plants 
inoculated on successive occasions with LMV did not contain 
the virus, although the seed-heads showed infection. Ryder 
(1970) reported resistance genes from 3 lines, P.I. 251245, 
P.I. 251246, and P.I. 251247 of a wild or primitive form of 
lettuce introduced into the United States from Egypt. These 
plant introductions were similar to the L. sativa, described 
and classified as primitive cultivar forms (Lindqvist, 
I960). Crosses were made between P.I. 251245 and Gallega. 
All the recovered F1 and F2 progenies were resistant to LMV. 
Likewise, tolerance genes were found in the f3 lines of the 
cross Gallega X May Princess (Bannerot et al., 1969). 
The search for a possible source of resistance genes to 
LMV was extended to other natural hosts such as safflower 
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(Carthamus tinctorus). The heritability of resistance genes 
from safflower was demonstrated by Klisiewicz (1966, 1967). 
Thomas (1981) found the safflower cultivar had the gene LMV 
FP-1, which induced a high level of resistance to LMV. The 
cultivar showed very mild symptoms induced by the virus. It 
is possible that seed transmission can be controlled by 
genes which can be utilized to eliminate or reduce seed 
transmission of viruses in crops. Success in these programs 
is of unsurmountable value to control strategies against the 
virus. 
Elimination of insect vectors may be another way to 
achieve disease control. LMV in lettuce field plots was 
significantly reduced when aluminum foil was applied between 
rows of lettuce as a repellent against aphids. In a 2-year 
experiment, less than 20% LMV infection was noted when foil 
was applied, while 85% virus-diseased plants were found on 
plots without the foil (Heinze, 1967;. 
A combination of 2 or more control strategies is 
desirable to reduce or eliminate virus spread. This is 
exemplified by the use of virus-free planting material, 
elimination of alternate hosts, isolation of crops from any 
external sources of virus inoculum, use of resistance, if 
available, and suppression of insect vector activities in 
the field. 
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Seed Health Testing Methods 
Hampton et al. (1982) advocated that users of crop 
plant germplasm and the agricultural community at large 
should be aware of the tremendous risk involved in the use 
of seeds harboring phytopathogenic viruses. Soybean mosaic 
virus (SMV), for instance, occurred widely in the Glycine 
germplasm collection (Goodman and Oard, 1980). Seventeen 
major agricultural crops in the USA, including lettuce, were 
known to carry seed-borne viruses (Hampton et al., 1982). 
It is, therefore, important to identify or develop 
techniques which would detect and eliminate contaminated 
germplasm, or perhaps identify germplasm which may carry 
genes resistant to these viruses. 
Seed-indexing or seed-health monitoring consists of 
several phases. The first phase involves visual 
examination of seeds. Virus infection of seeds may be 
manifested as shrivelled seed coats, shrunken, discolored or 
cracked seeds, the ability to fluoresce when examined under 
ultraviolet light, and the presence of necrotic spots or 
bands. Mottling of soybean seed coats has often been 
associated with SMV infection (Phatak, 1974). Shrivelling 
of seeds due to mungbean mosaic virus infection was also 
noted (Phatak, 1974). Unfortunately, seed abnormalities 
represent suggestive and not necessarily satisfactory 
evidence of infection of seeds with viruses. Conversely, 
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the absence of such abnormalities does not always indicate 
virus-free seeds. In most cases, virus-contaminated seeds 
appear normal. 
LMV-infected seeds were eliminated by the use of a 
vertical air stream technique (Ryder and Johnson, 1974). It 
was observed that most virus-contaminated lettuce seeds were 
found in the light fraction and were blown away. However, 
some infected seed remained in the heavier healthy seed 
fraction. This separation technique has not gained 
acceptable use for seed indexing. 
Prior to the development and use of immunological 
techniques for virus detection and identification, bioassay 
or growing-on tests appeared to be the most satisfactory 
method of choice (Rohloff, 1965, 1967). Rohloff (1967) 
modified the growing-on test procedure for LMV by using 
3,000 lettuce seedlings per sample. Symptom development was 
observed 16 to 21 days after planting on the first three 
true leaves of the inoculated host plant. However, Rohloff 
(1967) did not succeed in detecting LMV infection of 
tolerant cultivars. Pelet and Gagnebin (1963) suggested the 
use of an indicator host plant such as C. quinoa. Its use 
was later refined by Marrou and Messiaen (1967). Infected 
lettuce seed extracts prepared in sodium phosphate buffer, 
pH 7.2, containing 0.5% sodium sulfite, 0.5% EDTA and 
activated charcoal were inoculated into C. quinoa which were 
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kept in the greenhouse under 25°C, 16 hr fluorescent light 
and 8 hr dark periods. Observations for symptom development 
were made 8 to 12 days later. With the use of this indexing 
technique, an infection rate of less than 0.1% at 95% 
confidence level was noted. In 1974, Phatak (1974) compared 
the growing-on test with the indicator-inoculation test 
using two types of indicator host plants, namely: C. quinoa 
and Senecio vulgaris. He concluded that the use of C. 
quinoa as an indicator host plant for LMV was more sensitive 
than the growing-on test. This was explained by the 
observation that some plants used in the growing-on test did 
not show symptoms of LMV infection. When extracts from 300 
or 700 seeds were used to inoculate C. quinoa, development 
of virus symptoms was consistently observed. However, the 
infection rate dropped somewhat as the number of seeds used 
for the preparation of virus inoculum was increased. Phatak 
(1974) suggested that a single infected seed in a batch of 
700 (0.14%j may not always be detected as compared to a 
single infected seed in 300 (0.33%). Consequently, the use 
of C. quinoa as an indicator test plant for LMV detection in 
seeds has been widely used. The test is rapid, 
reproducible, requires less space, and can differentiate LMV 
from other seed-borne viruses such as tobacco ringspot virus 
(Grogan and Schnathorst, 1955; Cannizaro et al., 1975). In 
C. quinoa, tobacco ringspot virus incites local lesions at 
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the site of inoculation. Kimble et al. (1975) obtained 
evidence that confirmed the sensitivity and efficiency of 
the C. quinoa test when compared to the seedling grow-out 
test. 
Electron microscopy can also be used for detection of 
LMV. Samples are observed under the electron microscope 
either in crude or semi-pure tissue extracts (Providenti, 
1973) or tissue embedded in resin or any embedding materials 
(Pares, 1972; Dolores-Talens, 1983, unpublished). However, 
this technique seemed impractical for routine seed indexing, 
since the equipment is not readily available everywhere. 
Crude extract from LNiV-infected lettuce seeds can also be 
used for detection of LMV by serologically specific electron 
microscopy (SSEM). LMV was detected in 1 part of infected 
seed extract per 100 ml of healthy seed extract (Brlansky 
and Derrick, 1976, 1979). 
Solid-phase Immunoassays 
The introduction of immunoenzyme assays, which were 
first developed and used in the medical field, offers 
tremendous potential for the detection of seed-borne plant 
viruses. Among the viruses that have successfully been 
detected by ELISA, RIA or RISA are: (1) LMV (Falk and 
Purcitull, 1982, 1983; Ghabrial and Shepherd, 1980, 1982; 
Hill et al., 1984; Jafarpour et al., 1979), (2) SMV 
(Bossenec and Maury, 1978; Bryant et al., 1983; Chen et al.. 
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1982; Hill et al., 1981a, 1984; Lister, 1978), (3) barley 
yellow dwarf mosaic virus (Diaco et al., 1985; Mukhayyish 
and Makkouk, 1983), (4) bean common mosaic virus (Jafarpour 
et al., 1979; Mukhayyish and Makkouk, 1983), (5) squash 
mosaic virus (Mukhayyish and Makkouk, 1983; Nolan and 
Campbell, 1984), (6) pea seed-borne mosaic virus (Hamilton 
and Nichols, 1978), and (7) cucumber green mottle mosaic 
virus (Mukhayyish and Makkouk, 1983). A recent enzyme-
linked immunosorbent assay using a fluorogenic substrate was 
described by Torrance and Jones (1982) for the detection of 
plant viruses, particularly potato leaf roll, apple mosaic, 
and prune dwarf viruses. Likewise, a preliminary report on 
the detection of purified LMV using the fluorogenic 
substrates 4-methylumbelliferyl phosphate (MUP) and 4-
methyl-jS-D-galactopyranoside (MUG) was made by Dolores-
Talens and Hill (1985). 
The development of the solid-phase enzyme immunoassay 
was independently pioneered by Engvall and Perlman (1971) 
and Van Weemen and Schuurs (1971). However, it was Engvall 
and Perlman (1971) who used the term enzyme-linked 
immunosorbent assay or ELISA. The assay has been widely 
used for antigen and/or antibody detection and 
identification. Microorganisms detected have been bacteria, 
fungi, parasites, mycoplasma, rickettsiae, and viruses 
(Bidwell, 1976; Elango and Lozano, 1980; Nome et al., 1980; 
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Voiler et al., 1976a, 1978; Wisdom, 1976). 
Voiler and his associates (1974) introduced the 
microplate ELISA. The double antibody sandwich method was 
developed to study the seroepidemiology of malaria. 
Subsequently, a similar technique was used for screening 
plant viruses (Voiler et al., 1976b). Clark and Adams 
(1977) describe the microplate ELISA and its immense 
usefulness for detecting nanogram amounts of plant viruses 
in crude tissue extract. To date, ELISA has been routinely 
used as a diagnostic tool for diseases caused by plant 
viruses (Clark, 1981). ELISA has been demonstrated to 
detect LMV in seed where it is not easy to do so or where 
large numbers of samples are involved. The viral agent 
causing lettuce mosaic disease is among numerous viruses 
which have been described as causing serious economic 
problems in important agricultural crop plants (Falk and 
Purcifull, 1983; Hill et al., 1984; Jafarpour and Shepherd, 
1978) . ELISA offers several desirable features which make 
it highly attractive as compared with the traditional 
methods for indexing LMV-infected lettuce seeds. These are 
high sensitivity and specificity, requirements for small 
space, less labor and maintenance, and ease with which large 
numbers of seeds can be processed. The technique has the 
disadvantage in that preparation of highly purified and 
adequately characterized immunological reagents (antibody 
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and antigen) are required. For detecting LMV in true seeds, 
both ELISA and RIA have been utilized (Falk and Purcifull, 
1983; Ghabrial and Shepherd, 1980, 1982; Hill et al., 1984; 
Jafarpour et al., 1979). Jafarpour et al. (1979) and Falk 
and Purcifull (1983) employed sample sizes consisting of 
1,400 and 500 lettuce seeds, respectively. 
The radioimmunosorbent assay (RISA) represents a 
modification of the solid-phase immunoassay with the goal of 
increasing sensitivity. Ghabrial and Shepherd (1980, 1982) 
demonstrated that LMV in purified preparations could be 
detected at concentrations as low as 2 ng/ml. 
Unfortunately, this technique required expensive and 
sophisticated instruments, and the use of moderately strong 
and short half-life radioisotopes presents some degree of 
health and environmental hazards and needs licensure and 
monitoring of the laboratory establishment. 
The search for sensitivity enhancement of ELISA for 
antigen detection led to the employment of fluorogenic 
enzyme substrates such as MUP (Shalev et al., 1980; Torrance 
and Jones, 1982; Yolken and Stopa, 1979) or MUG (Konjin et 
al., 1982; Neurath and Strick, 1981). It has long been 
known that fluorometric assays are more sensitive than 
absorption assay techniques (Guilbault, 1973; Lowry, 1957). 
Absorption spectrophotometry compares two monochromatic 
light intensities of transmitted light which are passed 
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through ample and reference beams. On the other hand, 
fluorescent light is emitted at a longer wavelength than the 
excitation beam of light. Consequently, the background 
light is almost negligible; hence, the relative fluorescence 
is measured against a dark background. In this case, 
relatively minute quantities of fluorogenic substrate are 
needed for detection. 
Using alkaline phosphatase in standard ELISA (.s-ELISA), 
Shalev et al. (1980) reported that the limit of detection of 
the chromogenic substrate, p-nitrophenyl phosphate (NPP) was 
10 nM as compared to 10 pM when MUP was used as the 
fluorogenic substrate. Yolken and Stopa (1979) showed a 
100-fold increase in sensitivity for detecting rotaviruses 
in fecal samples when MUP was used instead of NPP. Torrance 
and Jones (1982) observed a similar pattern in detection of 
apple mosaic and potato leaf roll virus as in leaf extracts 
and in aphid vectors. 
Neurath and Strick (1981) claimed that hepatitis B 
surface antigen could be detected at concentrations of 5 to 
10 pg in blood samples when the other fluorogenic substrate, 
MUG, was used. Konjin et al. (1982) also noted higher 
sensitivity for rapid measurement of serum ferritin when MUG 
was used as the substrate for /3-galactosidase-anti-ferritin 
conjugate. 
The development of a biotin-avidin system (Bayer et 
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al., 1979) and the use of polystyrene beads instead of 
microtiter plates as the solid-phase to increase the 
absorptive surface area have been other attempts to enhance 
the sensitivity limit of s-ELISA. 
Polystyrene beads using the s-ELISA system (Chen et 
al., 1982; Nolan and Campbell, 1984; Stiffler-Rosenberg and 
Fey, 1978) were used to enhance detectability of plant 
viruses in seeds. Chen et al. (1982) claimed that the bead 
system was somewhat more sensitive in resolving serological 
differences among SMV isolates. These differences were 
apparently not as readily detectable when polystyrene 
microtiter plates were used as the solid-phase. 
The use of avidin-biotin immunoassay system was 
recently explored for the detection of SMV by Diaco et al. 
(1985). The technique, as originally described by Bayer et 
al. (1979), offered several desirable features such as: (1) 
biotin can be attached to immunoglobulin more efficiently 
and under very mild conditions with little loss of 
biological activity; (2) avidin and biotin are commercially 
available in large quantities; (3) the active sites for both 
avidin and biotin are highly specific and reactive thereby 
making the system more sensitive than the conventional 
ELISA. 
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MATERIALS AND METHODS 
Virus Isolate 
The LMV isolate used was obtained from the American 
Type Culture Collection (ATCC-PV 63; Rockville, Maryland 
90105) and used to inoculate seedlings of L. sativa and C. 
quinoa. The isolate was maintained in C. quinoa, for the 
entire duration of the investigation. 
Host Plant 
Seeds of L. sativa and C. quinoa were sown in steam-
sterilized soil which consisted of 1 part peat, 1 part soil 
and 1 part sand. Two-week old seedlings were either thinned 
while they were in seed flats, or five planters each were 
transplanted to a 10 cm-diameter plastic or clay pot. Host 
plants were maintained in a temperature- and light-
controlled greenhouse. 
Virus Inoculation 
Seedlings were inoculated with LMV two weeks after 
transplanting or thinning by dusting 600-mesh carborundum 
onto leaves of the host plants and gently rubbing the 
leaves, using the forefinger with virus inoculum. 
Inoculated leaves were usually rinsed with running tap water 
to minimize leaf burning and scorching. 
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Virus Propagation 
The LMV isolate was propagated in C. quinoa for 3-5 
weeks. Infected plants were harvested, weighed, and 
promptly used for preparation of purified virus. 
Virus Purification 
The basic purification scheme was as described by 
Ghabrial and Shepherd (1980). Infected plant tissue was 
homogenized in a Waring blender containing 0.0165 M sodium 
phosphate buffer, 0.018 M trisodium citrate, 0.1% sodium 
diethyldithiocarbamate (NaDIECA), pH 9.0, and 0.5% cold 2-
mercapthoethanol. The homogenate was expressed through two 
layers of cheesecloth and Triton X-100 was added (2%, v/v). 
The detergent-treated virus-containing plant sap was stirred 
overnight at 4°C. After centrifugation at 7,000 rpm in a 
Sorvall type GSA rotor for 15 min at 4°C, the clarified 
supernatant fluid was layered onto 6-ml of 30% sucrose (w/v, 
prepared in 0.05 M EDTA) cushion in Spinco Type 30 screw-
capped polycarbonate centrifuge bottles. The tubes were 
centrifuged at 27,000 rpm for 3.5 hr at 4°C in Spinco Type 
30 rotor. The pellet was resuspended in 0.05 M sodium 
phosphate buffer, pH 7.6, containing 10 mM EDTA. The virus 
suspension was layered for the second time onto 6-ml of 30% 
sucrose cushion and was given another high speed 
centrifugation at 27,000 rpm for 3.5 hr in a Type 30 rotor. 
The high-speed virus pellet was covered with an adequate 
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volume of phosphate buffer solution and allowed to slowly 
resuspend overnight at 4°C. Occasionally, a low speed 
centrifugation step at 7,000 rpm for 15 min in a Sorvall 
type SS-34 rotor was done. To aid in resuspending the virus 
pellet, a Bounce homogenizer was often used. A 3.2 ml 
aliquot of the virus suspension was added to 1.8 ml of 
saturated cesium chloride (CsCl) prepared in 0.05 M sodium 
phosphate buffer, pH 7.6, in 13 x 51 mm ultra clear 
centrifuge tubes (Beckman). The gradient tubes were 
centrifuged at 42,000 rpm for 18 hrs at 4°C in a SW 50.1 
type rotor. A second CsCl density gradient centrifugation 
was performed for further purification of the virus. The 
virus band was collected by puncturing the bottom of the 
gradient tube and allowing the solution to drip. 
Alternatively, the virus band was removed by puncturing the 
side of the tube with a 1- or 5-ml hypodermic syringe. The 
CsCl-containing virus solution was exhaustively dialyzed 
against 0.05 M sodium phosphate buffer, pH 7.6. 
Alternatively, the CsCl-containing virus preparation was 
diluted 1:10 with phosphate buffer before centrifugation at 
45,000 rpm for 2 hr using a Spinco Type 75 Ti rotor to 
concentrate the virus. The final purified virus pellet was 
resuspended in 0.05 M phosphate buffer, pH 7.6. The 
concentration of the purified virus suspension used to 
estimate yield in mg virus/kg tissue was estimated 
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spectrophotometrically using the extinction coefficient 
^ =2.4 (Purcifull, 1966). 
260 nm 
Negative staining was employed to determine the purity 
of virus preparations recovered from virus purification. A 
drop of 2.0% phosphotungstic acid solution, adjusted to pH 
6.5 with 1.0 N KOH, was added to a carbon-coated grid that 
had been adsorbed to a pure LMV preparation. Excess stain 
was blot-dried with a piece of Whatman No. 1 filter paper. 
The LMV-coated grids were observed in a Hitachi Model HU-llC 
electron microscope, operating at an accelerating voltage of 
50-75 KV. 
All virus preparations were assessed for homogeneity in 
a Perkin Elmer Lambda 5 UV/VIS spectrophotometer. Virus 
preparations exhibiting a UV spectrum typical of a 
nucleoprotein (maximum absorbance at 262 nm, minimum at 245 
nm) and O.D. 280 nm/O.D. for 260 nm ranging from 0.80-0.82 
were maintained at 4°C for immunological tests. 
Antiserum Production 
Prior to primary injection of the virus antigen 
preparation into two New Zealand white rabbits, a 10-20 ml 
sample of normal serum was obtained via cardiac puncture 
from each rabbit. One and one-half ml of the purified LMV 
preparation at 1-2 mg per ml were emulsified with an equal 
volume of Freund's incomplete adjuvant. The consistency of 
35 
the emulsified antigen preparation was determined to be 
satisfactory when a sample drop did not spread on a water 
surface. Injections of emulsified LMV antigens were 
repeated at weekly intervals for five weeks. Bleeding of 
the hyperimmunized rabbits was done at weekly intervals, 
beginning one week after the last injection via cardiac 
puncture. About 40-60 ml of hyperimmunized blood were 
collected each time. At the end of the experiment, blood 
samples were collected from exsanguinated rabbits. 
The blood was allowed to clot for 2 to 3 hr at room 
temperature (25°C) in a centrifuge tube. The coagulated 
blood was transferred into the cold room (4°C). After 
overnight incubation at 4°C, the blood serum was separated 
by centrifugation at 2500 rpm for 30 min in Sorvall SS-34 
type rotor. The clear serum was carefully aspirated and 
stored in serum vials at about -20°C until used. 
Contaminating antibodies to antigenic host proteins 
were eliminated by cross-adsorption with lyophilized healthy 
C. quinoa tissue. This was accomplished by treating the 
hyperimmunized rabbit serum with lyophilized uninfected C. 
quinoa plant sap (McLaughlin et al., 1980). The treated 
serum was allowed to incubate in a shaker at 4°C for about 
12-18 hr. The serum was then centrifuged at 15,000 rpm for 
25 min in Sorvall SS-34 type rotor. The supernatant was 
collected and centrifuged at 36,000 rpm for 1.5 hr in the 
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Spinco 75 Ti type rotor to remove particulate materials 
which did not sediment after low speed centrifugation. 
Purification of Anti-LMV Immunoglobulin 
After cross absorption with healthy host antigen, the 
gamma globulin fraction was isolated from the crude serum by 
saturated (20°C) ammonium sulfate, (NH4)2^®^' Precipitation 
at a salt to serum ratio of 1:2 (Campbell et al., 1970). 
The mixture was centrifuged at 3000 rpm for 15 min in a 
Sorvall SS-34 Type rotor. The precipitated serum protein 
was resuspended in 0.05 M sodium borate, pH 7.2, containing 
0.85% NaCl (BBS) and kept overnight at 4°C. The 
immunoglobulin fraction was exhaustively dialyzed against 
0.05 M BBS. The dialysate was centrifuged at 15,000 rpm for 
25 min to yield a fraction containing a relatively pure 
anti-LMV immunoglobulin. Antibody titers were determined by 
microprecipitin tests (Van Slogteren, 1954; Ball, 1974) with 
dilutions of antibody and virus antigen (0.5 mg/ml initial 
concentration), prepared in 0.05 M BBS, and salt-free borate 
buffer (BB), respectively. Ouchterlony agar gel diffusion 
test (Ouchterlony, 1958) was also done to test if the 
partially purified IgG was devoid of plant host proteins. 
The partially purified anti-LMV IgG fraction was 
further purified by affinity chromatography on a protein-A 
(isolated from Staphylococcus aureus) Sepharose CL-4B column 
(Sigma Chem., Co., St. Louis, MO 68178). A 0.5% acetic 
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acid solution containing 0.85% NaCl, pH 3.0, was used to 
elute the bound anti-LMV IgG protein. The column was 
exhaustively washed with 0.02 M sodium phosphate buffer, pH 
7.3, containing 0.85% NaCl (PBS) before use again. The 
anti-LMV IgG protein concentration was estimated by using 
0 17 
G ' ° = 1.4. Titers of affinity purified IgG were 
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determined by the microprecipitin test (Van Slogteren, 1954; 
Ball, 1974), as described for the antiserum prior to its 
purification. 
Aliquots of protein-A purified anti-LMV IgG were frozen 
at -20°C and lyophilized for 48 hrs at room temperature or 
until a powdery preparation was evident. The lyophilized 
materials were stored at -20°C or -100°C until used. 
ELISA Procedures 
Labeling of anti-LMV IgG with alkaline phosphatase 
Lyophilized preparations of the anti-LMV IgG were 
reconstituted in double distilled water (dd H^O). The 
solubilized immunoglobulin was dialyzed exhaustively against 
dd H2O overnight at 4°C. The dialysate was then centrifuged 
using a Microfuge B (Beckman) to remove any particulate 
materials. The concentration of the anti-LMV IgG protein 
contained in the recovered supernatant was estimated 
0 .1% 
spectrophotometrically by using 6 ' ° = 1.4. 
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The solubilized anti-LMV IgG diluted in PBS was 
conjugated with alkaline phosphatase (Type VIIS, Sigma 
Chemical Co., St. Louis, MO 63178) isolated from bovine 
intestinal mucosa, at a 1:2 IgG protein:enzyme ratio. The 
mixture was extensively dialyzed against PBS at 4°C. 
Aqueous 25% glutaraldehyde was added to the dialyate to a 
final concentration of 0.2%. The conjugate was incubated at 
room temperature for 2 hr, dialyzed exhaustively against 
PBS, and maintained at 4°C. 
Performance of ELISA 
Use of polystyrene microtiter plates 
Ninety-six well polystyrene flat-bottomed ELISA plates 
(Immulon I, Dynatech Laboratories Inc., Alexandria, VA 
22314) were coated with 200 ^ 1 anti-LMV IgG (1.5 /ig/ml) 
diluted in 0.05 M sodium carbonate, pH 9.6 (carbonate 
coating buffer), per well for one hr at 4°C. The coated 
plates were rinsed 3 times for 3 min each with PBS 
containing 0.05% Tween-20 (PBS-T) to remove any unadsorbed 
antibodies. A secondary coating of 2.0% ovalbumin (OVA, 
Grade II, Sigma) dissolved in carbonate coating buffer was 
added to block any unreacted sites on the plastic and to 
minimize non-specific reactions. Plates were incubated for 
1 hr at 4°C and rinsed as before. A 200 fil sample of 
antigen prepared in 0.05 M BB, pH 7.2, was added to each 
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well and plates were incubated for 12 hr at 4°C and rinsed 
as before. A 1.5 Mg/ml of anti-LMV IgG-alkaline phosphatase 
conjugate (200 jul/well) diluted in PBS-T was added to react 
with bound LMV antigen followed by incubation for 12 hr at 
4°C, and subsequently rinsed as before. The p-nitrophenyl 
phosphate (NPP) (Sigma, 1 mg/ml in 10% diethanolamine, pH 
9.8) substrate was added to wells (200 pl/well). After the 
dephosphorylation reaction proceeded for 2 hr at room 
temperature, the reaction was terminated by adding 50 pi of 
3.0 M NaOH. The absorbances of the contents of each well 
were measured spectrophotometrically at 405 nm or 
alternatively with an ELISA Minireader II (Dynatech). 
Absorbance values were rated positive when the mean value 
was greater than the value of control plus three standard 
deviations. 
Reactions and incubation times were optimized by using 
P/N binding ratio as discussed elsewhere. 
Use of polystyrene beads 
ELISA tests using polystyrene beads (6 mm in diameter. 
Precision Plastic Ball Co., Chicago, IL 60641) were as 
described by Chen et al. (1982). Five beads per screw-
capped glass scintillation vial were sensitized in 1.5 Mg/ml 
anti-LMV-IgG (1 ml of coating antibody per bead) diluted in 
0.05 M carbonate coating buffer, pH 9.6, for 6 hr at 25°C 
with gentle rotation. Beads were then rinsed 3 times for 3 
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min each in 0.02 M PBS containing 0.05% Tween-20, 2%, w/v, 
polyvinyl pyrrolidine, MW=40K, (Sigma), and 0.2%, w/v, 
ovalbumin (Grade II, Sigma) (PBSTOP), by aspirating the 
rinsing liquid and refilling vials containing beads with the 
same buffer solution. Beads were incubated with gentle 
rotation in PBSTOP at the rate of 1 ml per bead for 1 hr at 
25°C to prevent non-specific binding. Beads were 
transferred singly to a new pre-coated Falcon plastic tube 
(Falcon Plastics, Los Angeles, CA 90045). Falcon plastic 
tubes were precoated with 2.0%, w/v, ovalbumin dissolved in 
PBS-T for 2 hr at 25°C to saturate protein-binding sites. 
Rinsing of plastic tubes was done with 0.02 M PBS-T alone or 
containing 0.2% OVA, w/v, and 2.0% PVP, w/v, 3 times for 3 
min each. One ml of LNlV prepared in BB was added to each 
tube containing a sensitized bead. Tubes were capped and 
incubated for 12 hr at 25°C with gentle shaking. The virus 
solution was then aspirated and beads were rinsed as before. 
Each bead was transferred into a new OVA-coated plastic tube 
to prevent the carryover of the virus. Anti-LMV-IgG-
alkaline phosphatase (1.5 ixg/ml diluted in PBS-T) was added 
(0.5 ml/bead) and incubated for 6 hr at 37°C or 
alternatively overnight at 25°C. Beads were rinsed as 
before. Individual beads were transferred into clean 12 x 
75 mm borosilicate culture glass tubes (Fisher Sci. Co., 
Pittsburgh, PA 15219) and 0.5 ml of NPP was added to each 
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bead which was incubated at 25°C for 1-2 hr. The 
dephosphorylation and the amount of reaction product was 
determined spectrophotometrically at 405 nm. Alternatively, 
aliquots of 200 jul from each reaction mixture were added to 
wells of a polystyrene microtiter plate to be read in the 
ELISA Minireader II (Dynatech). Absorbance values were 
rated positive when the mean value was greater than the 
value of control plus three standard deviations. 
Modified ELISA 
This technique is also referred to as biotin-ELISA (b-
ELISA) since it utilizes a biotin-avidin complex. However, 
the protocol and principles are similar to those of the 
standard ELISA (s-ELISA). 
Biotinylation of anti-LMV-IgG 
Procedures by Bayer et al. (1979) were followed in the 
biotinylation of the antibody. Two and one-half milligrams 
of biotinyl-N-hydroxysuccinimide ester (BNHS, Sigma) were 
dissolved in 0.5 ml of dimethylformamide (DMF), pH 7.0, to 
yield a final concentration of 5 mg/ml. An aliquot of 20 p1 
of the BNHS-DMF mixture was added to 2.0 ml of the anti-LMV-
IgG preparation in 0.U2 M PBS to yield a final ratio of 1:50 
to 1:100 biotin:antibody. The biotin-anti-LMV-IgG mixture 
was incubated at room temperature for 4 hr with gentle 
agitation and then at 4°C for overnight. The mixture was 
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dialyzed against PBS at 4°C with one to three buffer 
changes. The biotinylated-anti-LMV-IgG was clarified at 
8500 rpm in a Sorval SS-34 Type rotor for 2 min or 5 min in 
a Microfuge B centrifuge (Beckman, Palo Alto, CA 94304). A 
drop of sodium azide (NaNg in dd H2O) was added to the 
solution which was maintained at 4°C until used. 
Performance of b-ELISA 
Use of polysyrene microtiter plates 
ELISA Immulon I polystyrene microtiter plates were 
coated with 200 ^ 1/well of 1.5 /xg/ml of anti-LMV-IgG 
prepared in carbonate coating buffer for one hr at 4°C. The 
coated plates were rinsed 3 times for 3 min each with 
PBSTOP. A secondary coating of OVA in carbonate coating 
buffer was added to block any unreacted sites on the plate 
and to minimize non-specific reactions. Plates were 
incubated for 1 hr at 4°C and rinsed as before. A 200 ^1 
sample of LMV antigen prepared in BB was added to each well 
and plates were incubated for 12 hr at 4°C and rinsed as 
before. A 2 ^ g/ml of biotinylated-anti-LMV-IgG diluted in 
PBS-T was added to react with bound LMV antigen by 
incubation at 4°C and rinsed as before. A 200 ^1/well of 
the avidin-alkaline phosphatase at the rate of 1:1000 
dilution in PBS-T was added. Plates were incubated for 
another 12 hr at 4°C and rinsed as before. The 
dephosphorylation took place by the addition of 200 Ml/well 
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of NPP substrate at room temperature for 2 hr. The enzyme 
reaction was terminated by the addition of 50 jjl of 3.0 M 
NaOH. The absorbances of reactions were rated positive when 
the mean value was greater than the value of control plus 
three standard deviations. 
Use of polystyrene beads 
Five beads per screw-capped scintillation vial were 
sensitized in 1.5 ^g/ml anti-LMV-IgG (1 ml of coating 
antibody per bead) diluted in carbonate coating buffer for 
20 hr at room temperature with gentle rotation. Beads were 
then rinsed 3 times for 3 min each in PBSTOP by aspirating 
the rinsing liquid and refilling vials containing beads with 
the same buffer solution. Beads were incubated with gentle 
rotation in PBSTOP at the rate of 1 ml per bead for 1 hr at 
25°C to prevent non-specific binding. Beads were 
transferred singly to a new pre-coated Falcon plastic tube. 
One ml of LMV prepared in BB was added to each tube 
containing a sensitized bead. Tubes were capped and 
incubated for 12 hr at 25°C with gentle shaking. The virus 
solution was then aspirated and the beads were rinsed as 
before. Each bead was moved to a new OVA-coated plastic 
tube to prevent the carryover of the virus. Biotinylated-
anti-LMV-IgG (2.0 pig/ml prepared in PBS-T) was added (0.5 
ml/bead) and incubated for 6 hr at 37°C or alternatively 
overnight at 25°C. Beads were rinsed as before. Individual 
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beads were transferred into clean 12 x 75 mm borosilicate 
culture glass tubes and 0.5 ml of NPP was added to each bead 
which was incubated at 25°C for 1-2 hr. The 
dephosphorylation reaction was terminated by addition of 100 
f^ l of 3.0 M NaOH and the amount of reaction product was 
measured spectrophotometrically at 405 nm. Alternatively, 
aliquots of 200 fxl from each reaction mixture were added to 
wells of a polystyrene microtiter plates to be read in the 
ELISA Minireader II. Absorbance values were rated positive 
when the mean value was greater than the value of control 
plus three standard deviations. 
ELFA-MUP: Enzyme-linked Fluorescence Assay Using 
4-Methylumbelliferyl Phosphate 
Reagents and procedures were similar to those employed 
in the ELISA systems with appropriate modifications. 
Performance of ELFA-MUP 
Using polystyrene microtiter plates 
Immulon I plates were sensitized with 200 /il of anti-
LMV-IgG (1.5 fjig/ml in carbonate coating buffer) for 1 hr at 
4°C and rinsed in PBS-T 3 times for 3 min each. Wells were 
incubated with a secondary coating of 200 jxl of 2% OVA 
prepared in carbonate coating buffer for another hr at 4°C. 
Plates were rinsed as before. A 200 Ml sample of LMV 
diluted in BB was added to each well, incubated for 12 hr at 
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4°C, and wells were rinsed as before. The alkaline-
phosphatase-anti-LMV-IgG conjugate diluted in PBS-T 
containing 2% polyethylene glycol (PEG) to 2 g/ml (200 
/jl/well) was added, incubated for 12 hr at 4°C, and plates 
were rinsed as before. Into each well, 200 /xl of 0.1 mM 
substrate, 4-methylumbelliferyl phosphate (MUP) dissolved in 
1 mM diethanolamine buffer, pH 9.8 containing 0.01 mM MgCl2 
was used per plate. The enzyme reaction proceeded at room 
temperature for 2 hr until terminated by addition of 50 Ml 
of 3.0 M K2HPO4-KOH, pH 10.4. Fluorescence of well contents 
after dilution in diethanolamine buffer (50 /il of sample was 
added to 9 ml of buffer) was measured in a Model 110 
Fluorometer (Turner, 2524 Pulgas Ave., Palo Alto, CA) using 
#7-60 and //2A as primary and secondary filters, 
respectively. Fluorescence values were regarded positive 
when the mean value was greater than the value of the 
control plus three standard deviations. 
Use of polystyrene beads 
Five beads (6 mm in diameter) per screw-capped glass 
scintillation vial were sensitized in 1.5 jig/ml of anti-LMV-
IgG preparations in carbonate coating buffer (1 ml/bead) 
overnight at 25°C with gentle rotation. Beads were rinsed 3 
times for 3 min each in BLOTTO prepared in PBS-T by 
aspirating the BLOTTO. Beads were incubated for 1 hr at 
25°C to prevent non-specific binding. Each bead was moved 
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to a new OVA-coated Falcon plastic tube. The LMV antigen (1 
ml/bead) diluted in BB was added. Tubes were capped and 
incubated for 12 hr at 25°C with gentle shaking. The virus 
solution was then aspirated and beads were rinsed with 
BLOTTO as before. Each bead was transferred to a new OVA-
coated plastic tube to prevent the carryover of virus. 
Anti-LMV-IgG-alkaline phosphatase at 2 /ig/ml diluted in PBS-
T containing PEG was added (0.5 ml/bead) and tubes were 
incubated for 6 hr at 37°C or alternatively, at 25°C for 12 
hr. Beads were rinsed as before. Each bead was transferred 
into a clean borosilicate glass culture tube (12 x 75 mm) 
and 0.5 ml of 0.1 m^l MUP prepared in 1 m^j diethanolamine 
buffer pH 9.8, containing 0.01 mM MgCl2 was added. The 
enzyme reaction proceeded for 2 hr at 25°C and was 
terminated by addition of 100 ^ 1 of 3.0 M K^HPO^-KOH. The 
amount of fluorescence was measured in a Turner fluorometer 
after dilution of each reaction mixture. Each dilution 
consisted of 50 /il of the reaction mixture and 9 ml of the 
diethanolamine buffer. Fluorescence values were rated 
positive when the mean value was greater than the value of 
the control plus three standard deviations. 
ELFA-MUG: Enzyme-linked Fluorescence Assay Using 
4-methylumbelliferyl-/3-D-galactopyranoside 
The protocol and principles used are similar to those 
of the ELE'A-MUP system, except that the enzyme p-galacto-
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sidase was used to conjugate anti-LMV-IgG instead of 
alkaline phosphatase. 
Conjugation of anti-LMV-IgG with j3-galactosidase 
Five milligrams of affinity purified anti-LMV-IgG 
diluted in 1 ml of U.l M PBS were mixed with 25 fxl of 1.0% 
I^-succinimidyl-3- (2-pyridyldithio) -propionate (SPDP, 
Pharmacia Fine Chemicals AB, Uppsala, Sweden) dissolved in 
100% ethanol. After 30 min at room temperature, the mixture 
was chromatographed on a 0.7 x 20 cm column of Sephadex G-25 
using 0.1 M acetic acid, pH 4.5, containing 0.1 M NaCl as 
the elution buffer. Fractions containing protein were mixed 
with 7.7 mg/ml of dithiothreitol (DTT). After a 20 min 
incubation at room temperature, the SPDP-anti-LMV-IgG-DTT 
mixture was chromatographed through the same column using 
0.1 M sodium phosphate buffer, pH 7.5, containing 0.1 M NaCl 
as the elution buffer. Fractions containing the major 
protein peak were collected, mixed with 5 mg of lyophilized 
/3-galactosidase (isolated from Escherichia coli) that 
contained approximately 12.6 free-SH groups per molecule of 
enzyme (Boehringer Mannheim, Biochemicals; 7941 Castleway 
Drive, P.O. Box 50816; Indianapolis, IN 46250) and 
incubated at room temperature overnight. The mixture of 0-
galactosidase and SPDP-anti-LMV-IgG-DTT was incubated 
overnight at 20°C. The mixture was chromatographed on a 
Sepaharose 6B CL column (700 x 15 mm) (VQ = 97 ml) and 
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eluted with 0.1 M sodium phosphate buffer, pH 7.6, 
containing 0.14 M NaCl and 0.02% NaNg. The activity of the 
^-galactosidase in the eluted fractions were determined by 
reacting 5 ^1 of each fraction with 200 M.1 of 0.05 mM 4-
methylumbelliferyl-/3-D-galacotpyranoside (MUG) substrate, 
prepared in 0.01 M sodium phosphate buffer, pH 7.0, for 2 hr 
at 25°C. Fluorescence of 50 mI reaction mixture diluted in 
3.5 ml of the prepared MUG substrate was measured in a 
Turner Model 110 fluorometer. Fractions that showed 
relatively higher fluorescence readings than control tubes 
were used in the serological assays. Estimation of protein 
concentration of the /3-galactosidase-anti-LMV-IgG 
0.1% 
conjugate was determined by using ^ ° = 1.4. 
2oU nm 
Performance of ELFA-MUG 
Use of polystyrene microtiter plates 
Immulon I flat-bottomed plates were coated with 200 fil 
of anti-LMV-IgG (1.5 pg/ml in 0.05 M carbonate coating 
buffer) for 1 hr at 4°C and rinsed in PBS-T 3 times for 3 
min each. Wells were incubated with a secondary coating of 
200 ptl of BLOTTO for one hr at 4°C. Plates were rinsed as 
before. A 200 jil sample of LMV diluted in BB was added to 
each well, incubated for 12 hr at 4°C, and wells were rinsed 
as before. The conjugate (/3-galactosidase-anti-LMV-IgG) 
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diluted in PBS-T containing 2% PEG (Konjin et al., 1982) at 
5 g/ml (200 p1 per well) was added, incubated for 12 hr at 
4°C, and plates were rinsed as before. Into each well, 200 
pi of 0.05 mM of MUG substrate were added. The enzymatic 
reaction proceeded at room temperature for 2 hr until 
terminated by addition of 50 pi of 3.0 M K^HPO^OH. 
Fluorescence of well contents after dilution in MUG buffer 
were measured in a Turner fluorometer Model 110. Each 
dilution consisted of 500 pi of the reaction mixture and 3.5 
ml of MUG substrate prepared in 0.01 sodium phosphate 
buffer, pH 7.0. Fluorescence values were rated positive 
when the mean value was greater than the value of the 
control plus three standard deviations. 
Use of polystyrene beads 
Five beads (6 mm in diameter) per screw-capped glass 
scintillation vial were sensitized in 1.5 pg/ml of anti-LMV 
IgG preparation in carbonate coating buffer (1 ml per bead) 
overnight at 25°C with gentle rotation. Beads were rinsed 3 
times for 3 min each in PBS-T containing BLOTTO by aspirating 
the BLOTTO. Beads were incubated with gentle rotation in 
BLOTTO for 1 hr at 25°C to prevent non-specific binding. 
Each bead was moved to a new OVA-coated Falcon plastic tube 
to prevent the carryover of virus. The LMV antigen (1 
ml/bead) diluted in BB was added. Tubes containing beads 
were capped and incubated for 12 hr at 25°C with gentle 
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shaking. The virus solution was then aspirated and beads 
were rinsed as before. Each bead was transferred to a new 
OVA-coated Falcon plastic tube to prevent the carryover of 
virus. Anti-LMV-IgG-/3-galactosidase at 5 /xg/ml diluted in 
PBS-T containing 2.0% PEG was added (0.5 ml/bead) and the 
tubes were incubated for 6 hr at 37°C or alternatively, at 
23°C for 12 hr. Beads were rinsed as before. Each bead was 
transferred into a clean borosilicate glass culture tube (12 
X 75 mm) and 0.5 ml of 0.05 mM MUG prepared in 0.01 M 
phosphate buffer, pH 7.6, was added. The enzyme reaction 
proceeded for 2 hr at 25°C and was terminated by addition of 
100 pi 3.0 M K2HPO4-KOH. The amount of fluorescence was 
measured in a Turner fluorometer Model 110 after dilution of 
each reaction mixture. Each dilution consisted of 500 pi of 
the reaction mixture and 3.5 ml of phosphate buffer 
containing MUG. Fluorescence values were assessed as 
positive when the mean value was greater than the mean value 
of the control plus three standard deviations. 
Optimization of Reagents and Experimental Conditions 
To maximize virus detection in ELISA or ELFA systems, 
optimized concentrations of the captive antibody, and 
conjugated anti-LMV-IgG (alkaline phosphatase-anti-LMV-IgG, 
biotinylated-anti-LMV-IgG, or /3-galactosidase-anti-LMV-IgG) 
were determined by calculation of binding ratios. Likewise, 
appropriate buffers for dilution of the LMV antigen and the 
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enzyme-conjugate were also determined for the immunoassays 
to further maximize virus detection by using the P/N ratio. 
Binding ratios or P/N ratio were defined as the ratio of the 
absorbances of the captive antibody or conjugated anti-LMV-
IgG bound in the presence of a constant amount of virus 
antigen to the captive antibody or conjugated anti-LMV-IgG 
bound in the absence of virus antigen, respectively (Hill et 
al., 1981a). 
Seed Assay 
Seed Sources 
LMV-infected lettuce seeds, var. Slobolt were kindly 
provided by A. Greathead (Cooperative Extension, USDA-Univ. 
of California, Salinas, CA 93901). Healthy lettuce seeds 
var. Calmar MT 24647 were generously donated by Ferry-Morse 
Seed Co. (Ill Ferry Morse-Way; P.O. Box 7274, Mountain View, 
CA 94039). 
Determination of standard curve for LMV 
A dose-response curve was prepared for purified LMV in 
BB and in the presence of healthy lettuce seed extracts 
using polystyrene beads. The assay system that was used in 
this study was ELFA-MUP. A 1.5 pg/ml concentration of 
coating antibody prepared in carbonate coating buffer was 
used to sensitize beads (1 ml/bead) at room temperature for 
20 hr. Rinsing of beads were done 3 times for 3 min in 
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BLOTTO. A secondary coating (1 ml/bead) was added to the 
beads using the same rinsing buffer. Beads were incubated 
for 1 hr incubation at 25°C and rinsed as before. Various 
concentrations of LMV antigen diluted in BB alone or in the 
presence of healthy lettuce seeds (500 seeds/batch) were 
prepared. Each of these batches of 500 seeds which were 
presoaked in 8 ml of the extraction buffer (BB-HMP, PBSTOP 
or PBSTP) for 12 hr at 25°C were ground in #6 setting of a 
Polytron homogenizer equipped with a probe generator Model 
PT 10 ST (Brinkman Instruments, Inc., Cantigue Rd., 
Westbury, NY 11590). Some additives like mannose or 
glucosamine at 5%, w/v, were added to the dilution tubes 
containing the seeds soaked in BB-HMP. Seed extracts 
containing the virus antigen were then expressed through two 
layers of cheesecloth and subsequently added (1 ml/bead) 
to sensitized beads. Beads were incubated for 12 hr at 25°C 
and rinsed as before. Individual beads were transferred 
into a new OVA-coated Falcon plastic tube containing 2 g/ml 
of alkaline phosphatase-conjugated anti-LMV-IgG prepared in 
PBS-T with PEG (0.5 ml/bead) and were incubated for another 
12 hr at 25°C. Beads were rinsed as before. Each bead was 
moved to a clean borosilicate glass culture tube and 0.5 ml 
of 0.1 mM MUP prepared in diethanolamine buffer was added. 
The enzyme reaction proceeded at 25°C for 2 hr and was 
terminated by addition of 100 1 of K^HPO^-KOH. The amount 
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of fluorescence was measured in a Turner fluorometer after 
dilution of 50 /il of the reaction mixture with 9 ml of 
diethanolamine buffer. Fluorescence values obtained greater 
than the mean value of the control plus three standard 
deviations were regarded as positive. 
Determination of LMV content in seed lots 
The LMV percentage in infected lettuce seed lot was 
determined by using the grow-out test, infectivity, and seed 
test using ELFA-MUP. 
Grow-out test The grow-out test was used to estimate 
the amount of seed-borne LMV in the seed lot. LMV-infected 
seeds were sown in 6 mm diameter plastic pots or plastic 
seed flats containing a steamed mixture of 1 part peat, 1 
part soil, and 1 part sand. Seedlings were then evaluated 
25 days after sowing for LMV infection visually. Percent 
seed-borne LMV was estimated by the formula: 
7o LMV = A/B X 100 
where, A = the number of seedlings showing LMV symptoms and 
B = the total number of seeds tested. 
Chenopodium test Randomly picked lettuce seeds from 
a suspected LMV-infected seed lot were soaked singly in 200 
(xl of inoculation buffer (0.05 M sodium phosphate buffer, pH 
7.2, containing 0.1% 2-mercaptoethanol) and ground 
depressions machined in a Plexiglass board. Seed extracts 
were immediately mechanically inoculated to two seedlings of 
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C. quinoa at the 5 to 6-leaf stage. Visual assessment of 
test plants for LMV infection was made 25 days after 
inoculation. Estimation of percent LMV infection was made 
as described previously. 
Seed test The test determined if results obtained 
from the C. quinoa test correlated with the indexing of a 
number of simulated samples. Sample mixtures for the test 
were contrived such that the probability of a sample 
yielding a positive result would be 0.30, 0.50, and 0.70. 
Ten to 12 batches of 500-seed samples comprised of various 
numbers of seeds taken from an infected seed lot containing 
2.0% of LMV infection (determined earlier) mixed with seeds 
taken from a virus-free seed stock were contrived by using 
the binomial distribution: 
P = 1 - (1 - u)^ 
where u = the probability of an infected seed, (1 - u) = the 
probability of a virus-free seed, P = the probability that a 
sample will contain at least one infected seed, and n = the 
number of seeds taken from the virus-infected seed lot. 
The ELFA-MUP system was employed for the testing of 
lettuce seed lots. 
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RESULTS 
Virus Symptoms 
LMV induced almost indistinguishable mosaic symptoms on 
the lettuce cultivar Calmar. When the local lesion assay 
host, C. quinoa, was inoculated very distinct local lesions 
appeared, which became systemic 7 to 14 days after 
inoculation (Fig. 1). Leaves of C. quinoa inoculated with 
purified LMV preparations produced localized and systemic 
symptoms typical of LMV infections. The virus was 
eventually maintained and propagated in C. quinoa. 
Virus Purification 
The purification scheme used (see Appendix) yielded 0.9 
to 1.5 mg/kg of leaf tissue. Virus yield was maximum 3 
weeks after inoculation. However, it declined slightly 1 
week later. 
Assessment of Virus Authenticity and Purity 
Examination of purified virus suspensions by electron 
microscopy showed flexuous rod-shaped particles typical of 
potyvirus morphology. No other particulate material was 
observed. 
Absorption spectra of virus suspensions purified from 
infected host plant tissues harvested 3 weeks after 
inoculation showed a typical nucleoprotein profile 
(Fig. 2). Virus preparations isolated from infected plant 
ALTHy 
Fig. 1. Local lesion and mosaic symptom induced by 
inoculation of C. quinoa with LMV 
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tissues harvested at 2 and 4 weeks appeared to have the same 
absorption spectra. The 280/260 nm ratios were calculated 
to be 0.82 to 0.87, suggesting satisfactory virus purity and 
integrity. 
The presence of a single homogenous sedimenting virus 
band which was observed at about 3.2 cm deep into a 5 cm 
high CsCl density gradient tube suggested further the virus 
preparations were pure (Fig. 3). 
Preparation of Virus-Specific Antibody 
Two New Zealand white rabbits, which were hyper-
immunized with purified LMV for at least 6 months at 
periodic intervals, produced precipitating antibodies when 
examined by microprecipitin tests. No precipitation was 
observed when crude extracts from uninfected C. quinoa were 
reacted with specific LMV hyperimmune rabbit serum. Despite 
this observation, rabbit serum was repeatedly cross-adsorbed 
with extracts from uninfected C. quinoa to obviate potential 
non-specific reactions and enhance specificity of the 
serological assays. The final anti-LMV immunoglobulin 
fraction, which was isolated by affinity chromatography, did 
not show any visible reaction with sap extracted from 
healthy C. quinoa leaf tissues as observed by the 
microprecipitin test. Similarly, the anti-LMV-IgG fraction 
failed to show any visible precipitin line when reacted with 
healthy tissue extract in Ouchterlony agar diffusion tests. 
Fig. 2. Absorbancy spectrum of LMV purified from JC. quinoa 
3 weeks after inoculation. The O.D. readings were 
0.32 and 0.36 at 280 nm and 260 nm, respectively. 
The yield of virus estimated, using e "2.4, 
was 1.5 mg/kg tissue 2o0nm 
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Fig. 3. Purification of LMV in a CsCl gradient centrifuged 
to equilibrium. A single homogeneous 
sedimenting band at about the middle of the tube 
represents the purified LMV. Bands observed above 
the virus band represent host material 
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Initially, two buffer systems were evaluated for use in 
determining the microprecipitin end-point titer of anti-LMV 
immunoglobulin preparations, namely: (1) BBS, and (2) BB. It 
was observed that BBS induced non-specific virus 
aggregation, causing false positive reactions. However, 
when BB was used to dilute LMV antigen or virus plus anti-
LMV immunoglobulin preparations, a satisfactory specific 
agglutination was observed. 
When the same immunoglobulin preparation was tested, it 
strongly reacted with purified LMV antigen. The dilution 
end-point titer was determined to be 1:128 to 1:256 at a 
virus concentration of 0.5 mg/ml by the microprecipitin 
test. 
The elution profile of anti-LMV immunoglobulin (L-IgG) 
purified by protein A affinity chromatography is shown in 
Fig. 4. The ultraviolet absorption profile obtained from 
the UV-monitoring device and the absorbance measured 
spectrophotometrically showed that the absorbance of the 
second peak correspond to the specific precipitating L-IgG 
(Table 3). Maximum absorbance and protein concentration, 
and precipitating antibodies were observed to be present in 
fraction number 34. Fractions 31 to 37 had precipitating 
antibody activity. 
The microprecipitin end-point titer of eluates pooled 
from peak fraction numbers 33, 34, and 35 were 1:64 to 1:256 
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Fig. 4. Representative elution profile of anti-LMV IgG 
purified through a protein-A Sepharose CL-4B 
column eluted with 0.5% acetic acid containing 
0.85% NaCl, pH 3.0. The solid line represents the 
absorbance reading obtained from a UV monitoring 
device and the dashed line is the protein 
concentration of each aliquot determined 
spectrophotometrically using e 28Ônm ~ 1.4. 
The arrow indicates the point at which acetic acid 
solution was added to elute the anti-LMV-IgG 
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Table 3. Absorbance values at 280 nm and titer of the 
protein-A purified anti-LMV IgG fractions 
isolated by affinity chromatography from a 
representative purification 
Characteristics of protein A-purified anti-LMV 
Fraction Number A Protein Conc.& Titer^ 
280nm (mg/ml) 
31 0.011 0.008 1:2 
32 0.061 0.044 1:8 
33 1.599 1.143 1:64 
34 2.102 1.501 1:256 
35 0.430 0.307 1:256 
36 0.110 0.079 1:8 
37 0.050 0.036 1:4 
^Protein concentrations were estimated by using 
= 1.4. 2oUnm 
^Titers were determined by using the microprecipitin 
test. 
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at a virus concentration of 0.5 mg/ml. The protein 
concentrations of the peak fractions were 1.14, 1.51, and 
0.31 mg/ml, respectively. The protein A-purified L-IgG 
fractions which were stored lyophilized in 2 to 7 mg 
aliquots was quite stable after storage for 12 months at 4C 
with no apparent reduction in precipitating antibody titer. 
Development of ELISA Procedure 
The plate standard ELISA was used to determine the 
optimum conditions for immunoassay of LMV antigens using 
purified L-IgG. Reagent concentrations were also optimized 
when other ELISA techniques were used as will be described 
later in the text. 
One of the common problems associated with solid-phase 
enzyme immunosorbent assay is the occurrence of non-specific 
adsorption of labeled antigen or antibody-enzyme conjugate 
onto unreacted sites on the solid carrier. This non­
specific adsorption often leads to false positive reactions. 
To obviate such problems, carbonate coating buffer 
containing 1% OVA was used to block non-specific reactions 
in microtiter plates. The carbonate coating buffer 
containing OVA has been proven to be satisfactory in 
reducing non-specific binding in enzyme immunoassays (Chen 
et al., 1982). 
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Standard-ELISA (s-ELISA) 
Optimization of reagent concentrations and reaction 
conditions 
Solid-phase immunoassays are highly sensitive to 
variations in concentration of labeled and unlabeled 
antibodies. Hence, an optimal concentration is necessary to 
minimize non-specific as well as maximize binding reactions. 
Excess of reagent concentrations may lead to an unacceptably 
high background in controls. 
Determination of optimal conditions for s-ELISA using plates 
The influence of various concentrations of L-IgG on 
specific binding of LMV using polystyrene microtiter plates 
was examined. Plates were coated with different 
concentrations of L-IgG using carbonate coating buffer as 
the diluent. Two incubation temperatures were used. Fig. 
5a and Table 4a, and Fig. 5b and Table 4b, show the results 
of coating plates with different antibody concentrations at 
4°C, and at 37°C, respectively. These data reveal that 
maximum adsorption was attained after coating plates with L-
IgG at 1.5 g/ml at 4°C for 1 hr (Fig. 5c). At higher L-Igg 
concentrations, the absorbance values either remained nearly 
constant or in some cases, decreased. This tends to suggest 
that binding sites have been saturated with coating antibody 
at 1.5 Jig/ml. 
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Fig. 5a. Effect of coating antibody concentrations on plate 
s-ELISA at 4°C. Lines represent absorbance levels 
for PBS-T control (o—o) and LMV-treated wells 
^ 4) • Data points represent the mean of 3 
replications. Concentrations of virus and 
detection antibody were 1000 ng/ml, and 1.5 fxg/ml, 
respectively 
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Table 4a. Effect 
plate 
of coating antibody concentrations 
s-ELISA at 4°C for the detection of 
on 
LMV 
Mean O.D. 405 nm values* 
IgG, fji g/ml P N P/N^ 
0.1 0.09+0.01 0.03+0.01 3.0 
0.2 0.16+0.04 0.04+0.01 4.0 
0.7 0.23+0.01 0.05+0.01 4.6 
1.5 0.30+0.01 0.04+0.00 7.5 
3.0 0.30+0.01 0.04+0.00 7.5 
5.0 0.30+0.02 0.07+0.01 4.3 
25.0 0.25+0.01 0.11+0.00 2.3 
50.0 0.24+0.04 0.12+0.OU 2.0 
^Data are the mean values of 3 replications. Virus 
concentration was 1000 ng/ml. Coating time was 1 hr. 
^P/N ratio is defined as the ratio of the absorbance 
of conjugated antibody bound in the presence of virus 
antigen to conjugated antibody bound in the absence of virus 
antigen. 
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Fig. 5b. Effect of coating antibody concentrations on 
plate s-ELISA at 37°C. Lines represent 
absorbance levels for PBS-T control (p—o) and 
LMV-treated wells (a—. Data points represent 
the mean of 3 replications. Concentrations 
of virus and detecting antibody were 1000 ng/ml 
and 1.5 fxg/ml, respectively 
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Table 4b. Effect 
plate 
of coating 
s-ELISA at : 
antibody concentrations 
37°C for the detection of 
in 
LMV 
Mean O.D . 405 nm values^ 
IgG, 1.1 g/ml P N P/N^ 
0.1 0.03+0.01 0.02+0.00 1.5 
0.2 0.06+0.02 0.03+0.00 2.0 
0.7 0.07+0.01 0.02+0.01 3.5 
1.5 0.11+0.02 0.03+0.00 3.7 
3.0 0.10+0.01 0.03+0.00 3.3 
5.0 0.10+0.00 0.03+0.00 3.3 
25.0 0.10+0.00 0.05+0.02 2.0 
50.0 0.10+0.01 0.05+0.02 2.0 
^Data are the mean values of 3 replications. Virus 
concentration was 1000 ng/ml. Coating time was 1 hr. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody bound in the absence of virus 
antigen. 
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A similar trend was observed when the incubation 
temperature was increased to 37°C. However, using the same 
virus concentrations, the binding ratio was higher when 
coating was performed at 4°C than at 37°C (Fig. 5b; Table 
4b). Consequently, coating plates with L-IgG was routinely 
done at 4°C for 1 hr using L-IgG at 1.5 pg/ml. 
Effect of buffers used to dilute LMV antigen on specific 
binding 
To determine the effect of dilution buffers on binding 
of LMV antigen to L-IgG coated plates, PBS-T, BB, BB-HMP, 
and BBS were used to dilute the LMV antigen. Table 5 shows 
that BB provided the highest optical density reading and 
most intense color reaction. The other buffer solutions 
tested were not satisfactory, since the absorbance values 
were usually lower than that observed with PBS-T. 
Therefore, only BB was used to prepare the LMV antigen for 
s-ELISA. 
Effect of temperature on LMV antigen binding 
This experiment was performed in polystyrene micro-
titer plates. The effect of temperature on binding LMV 
antigen to the immobilized L-IgG was investigated to 
maximize the level of sensitivity. Plates sensitized with 
1.5 ng/ml of L-IgG were incubated with a constant amount of 
LMV (1 ^ g/ml) for 1 hr at 4°C and 37°. 
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Fig. 5c. The binding ratio (P/N) of anti-LMV IgG at 
various concentrations on plate s-ELISA at 
4 ° C  ^ ^  a n d  3 7 ° C  ( o  o )  .  C o n c e n t r a t i o n s  o f  
virus and detecting antibody were 1000 ng/ml 
and 1.5 ^g/ml, respectively 
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Table 5. Effect of buffer used to dilute LMV in plate 
s-ELISA 
Buffers 
Mean O.D. 
P 
405 nm values^ 
N P/N^ 
PBS-T^ 0.16+0.03 0.00+0.00 -
BB^ 0.33+0.01 0.09+0.01 3.6 
BB-HMP® 0.24+0.02 0.11+0.02 1.0 
BBgf 0.11+0.01 0.11+0.01 1.0 
*Data are the mean values of 3 replications. Virus 
concentration was 1000 ng/ml. Reaction temperature was 4°C. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
*^Sodium phosphate buffer, 0.02 M, containing 0.85% NaCl 
and 2.0% Tween-20, pH 7.2. 
'^Sodium borate buffer, 0.05 M, pH 7.2. 
®Sodium borate buffer, 0.05 M, pH 7.2, containing 0.5% 
sodium metaphosphate. 
^Sodium borate buffer, 0.05 M, pH 7.2, containing 0.85% 
NaCl. 
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After removing unbound LMV antigen was reacted with 1.5 
jig/ml of L-IgG-alkaline phosphatase conjugate for 12 hr at 
4°C and 6 hr at 37°C. Fig. 6 and Table 6 suggest that a 
proportional reaction of LMV antigen with specific enzyme 
conjugate appears to depend on incubation temperature. A 
satisfactory binding activity was achieved at 4°C and, thus, 
virtually all plate ELISA tests were conducted at 4°C to 
maximize binding of LMV antigen and L-IgG preparations. 
Determination of optimal concentrations of antibody 
reagents for s-ELISA on beads 
Optimization of the coating antibody and alkaline 
phosphatase-L-IgG conjugate concentrations was done using 
beads as the solid-phase. Beads were sensitized with 
variable concentrations of L-IgG at room temperature for 
overnight, incubation since satisfactory binding was 
attained under these conditions supported earlier (Bryant et 
al., 1983; Chen et al., 1982). Fig. 7 and Table 7 show that 
the maximum binding was observed when 1.5 to 3.0 ng/ml 
coating antibody was used. This observation was similar to 
those obtained from previous experiments using microtiter 
plates. 
Table 8 also shows that the binding activity was 
maximum at 1.5 to 3.0 /ng/ml concentrations of the enzyme 
conjugate. At higher concentrations, the binding response 
decreased slightly. Use of enzyme conjugate at higher 
Fig. 6. Effect of temperature in plate s-ELISA. 
Absorbance of LMV incubated at 4°C (• •) and 
37°C (o o) . Data points represent the mean 
of 3 replications. Concentrations of capture 
and detection antibodies were both 1.5 ^g/ml 
Absorbance, U05 nrn 
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Table 6. Effect of temperature on binding activity for 
LMV in plate s-ELISA 
Mean O.D. 405 nm values^ 
LMV concentration, 
ng/ml 
4^C 37"C 
0 0.004+0.004 0.080+0.02 
1 0.010+0.000 0.080+0.01 
2 0.018+0.008 0.080+0.02 
5 0.014+0.004 0.090+0.03 
25 0.022+0.010 0.100+0.03 
50 0.024+0.010 0.100+0.03 
100 0.032+0.007 0.080+0.02 
250 0.052+0.007 0.130+0.02 
500 0.084+0.020 0.120+0.02 
1000 0.126+0.010 0.180+0.02 
2500 0.230+0.020 0.270+0.02 
5000 0.310+0.010 0.340+0.02 
^Data are the mean values of 3 replications. Coating 
and antibody-conjugate concentrations were 1.5 Mg/ml and 
1.5 ng/ml, respectively. Coating time was 1 hr. 
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Fig. 7. Effect of coating antibody concentration on 
bead s-ELISA. Absorbance values in the 
presence of virus (a—and for the PBS-T control 
(o—o) . Concentrations of virus and detection 
antibody were 1000 ng/ml and 1.5 ^g/ml, respectively 
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Table 7. Effect of coating antibody concentration in bead 
s-ELISA at 4°C for the detection of LMV 
Mean P.P. 405 nm values^ 
IgG concentration, P N P/W^ 
H g/ml 
0.1 0.12+0.40 0.14+0.04 8.0 
0.7 2.00+0.40 0.15+0.02 13.3 
1.5 2.25+0.30 0.15+0.04 15.0 
3.0 2.26+0.40 0.15+0.04 15.1 
5.0 1.90+0.10 0.20+0.01 9.5 
25.0 1.60+0.06 0.03+0.04 5.3 
50.0 1.35+0.30 0.40+0.04 3.4 
^Data are the mean values of 3 replications. Virus and 
detecting antibody concentrations were lUUO ng/ml and 1.5 
fxg/ml, respectively. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
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concentrations did not improve sensitivity of s-ELISA using 
polystyrene beads as the solid-phase. 
Effect of the type of solid-phase in s-ELISA 
Because the surface area of the solid-phase appears to 
be correlated with binding activity (Chen et al., 1982; 
Stiffler-Rosenberg and Fey, 1978) the effect of the type of 
solid-phase was studied. Polystyrene beads and polystyrene 
microtiter Immulon I plates were coated with L-IgG. Fig. 8 
and Table 9 reveal higher absorbance profile when 
polystyrene beads were used as opposed to the absorbance 
profiles when polystyrene microtiter plates were employed. 
With polystyrene beads and plates used as the solid-phase, 
LMV was detectable at 25 and 50 ng/ml, respectively. The 
absorbance values at 405 nm obtained with both polystyrene 
beads and plates used as the solid-phase differed 
significantly at concentrations ranging from 100 to 5000 
ng/ml of LMV antigen. No significant differences were noted 
at lower LMV antigen concentrations. The data suggest that 
the limit of sensitivity for detecting LMV by the s-ELISA 
method is 25 to 50 ng/ml. 
Biotin-ELISA (b-ELISA) 
Determination of optimal conditions for b-ELISA 
Biotin has been used as a marker to visualize a wide 
spectrum of biologically active molecules, including 
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Table 8. Effect of alkaline-phosphate-L-IgG 
concentration in bead s-ELISA for detection of LMV 
Mean O.P. 405 nm values^ 
Protein, ^ g/ml P N P/N^ 
0.04 0.20+0.02 0.20+0.02 1.0 
0.10 0.22+0.02 0.17+0.00 1.3 
0.30 0.27+0.00 0.20+0.01 1.3 
0.70 0.30+0.00 0.20+0.02 1.5 
1.50 0.35+0.04 0.20+0.00 1.7 
3.00 0.35+0.01 0.20+0.02 1.7 
6.00 0.33+0.01 0.20+0.03 1.6 
^Data are the mean values of 3 replications. Coating 
antibody and virus concentrations were 1.5 fig/ml and 
1000 ng/ml, respectively. Reaction temperature was about 
25OC. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
Fig. 8. Effect of the type of solid-phase on the 
binding activity of LMV at various concentrations 
in s-ELISA. Absorbance values of polystyrene 
beads ^ a) and plates (• •), respectively. 
Concentrations of the capture and detection 
antibodies were both 1.5 ^ g/ml 
Absorbance, 405 nm 
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Table 9. Effect of the type 
4°C for detection 
of solid-phase 
of LMV 
in s-ELISA at 
Mean O.D. 405 nm values^ 
LMV, ng/ml Bead Plate Difference 
0 0.014+0.02 0.038+0.02 0.024 
1 0.029+0.01 0.042+0.01 0.013 
2 0.037+0.01 0.042+0.01 0.005 
5 0.027+0.01^ 0.058+0.01 0.031 
25 0.135+0.01 0.094+0.01 0.041 
50 0.216+0.02 0.140+0.01^ 0.076 
100 0.340+0.02 0.184+0.02 0.156* 
250 0.629+0.02 0.326+0.02 0.303* 
500 0.761+0.03 0.328+0.04 0.433* 
1000 0.923+0.01 0.424+0.02 0.499* 
2500 1.373+0.05 0.532+0.04 0.841* 
5000 1.586+0.02 0.586+0.03 1.000* 
^Data are the mean values of 3 replications. 
Concentrations of coating antibody and alkaline-
phosphatase-L-IgG were 1.5 pg/ml and 1.5 /xg/ml, 
respectively. 
^Limit of detection of s-ELISA using beads as the 
solid-phase is at 25 ng/ml level of purified LMV as 
determined by: 0.014 + 3(0.02) = 0.074 
^Limit of detection of s-ELISA using plates as the 
solid-phase is at 50 ng/ml level of purified LMV as 
determined by: 0.038 + 3(0.02) = 0.098. 
^Significantly different as determined by the t-test. 
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antibodies. With the assumption that the high affinity 
avidin-biotin complex can enhance sensitivity levels 
commonly encountered with s-ELISA for antigen detection, b-
ELISA was evaluated. 
Table 10 shows that the optimum concentration of 
coating antibody was at 2 ng/ml when biotinylated-anti-L-IgG 
and avidin-alkaline phosphatase were employed. Higher 
concentrations of L-IgG did not seem to increase the level 
of sensitivity in detecting LMV antigen. 
Similarly, the concentrations of both the biotin-
labeled L-IgG and avidin-alkaline phosphatase were optimized 
in order to attain maximum binding activity for b-ELISA. 
Table 11 reveals that the maximum binding ratio for the 
biotinylated L-IgG was at 2 ^g/ml. Higher protein 
concentrations failed to enhance binding or, in some cases, 
caused a decrease in binding activity. Absorbance values 
increased with increasing concentrations of the biotinylated 
anti-LMV-IgG in the presence of LMV antigen (Table 11). 
Table 12 shows that increased concentrations of the 
avidin-alkaline phosphatase conjugate caused an increase in 
the absorbance values at a 405 nm. Maximum absorbance 
values were obtained at a 1:5000 dilution of the enzyme 
conjugate. 
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Table 10. Effect of anti-LMV IgG 
b-ELISA for detection 
concentrations 
of LMV 
on plate 
Mean O.D. 405 nm values^ 
IgG, Mg/ml P N P/N^ 
0.5 0.12+0.01 0.03+0.02 4.0 
1.0 0.16+0.03 0.01+0.01 16.0 
2.0 0.20+0.02 0.01+0.02 20.0 
5.0 0.17+0.02 0.02+0.005 8.0 
10.0 0.17+0.02 0.03+0.02 6.0 
25.0 0.17+0.005 0.03+0.02 6.0 
50.0 0.17+0.01 0.03+0.01 6.0 
^Data are the mean values of 3 replications. Virus 
antigen and detecting antibody concentrations were 
100 ng/ml and 1.5 pg/ml, respectively. Avidin-alkaline 
phosphatase concentration was used at a 1:5000 dilution. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
86 
Table 11. Effect of the biotinylated anti-LMV IgG 
concentration on plate b-ELISA for LMV 
detection 
Protein 
concentration 
fig/ml 
Mean O.D. 405 
P 
nm values® 
N P/N^ 
0.5 0.150+0.01 0.090+0.01 1.7 
1.0 0.150+0.03 0.010+0.01 15.0 
2.0 0.150+0.02 0.006+0.01 25.0 
5.0 0.150+0.04 0.020+0.01 7.5 
25.0 0.180+0.02 0.030+0.01 6.0 
50.0 0.230+0.02 0.030+0.01 7.7 
100.0 0.280+0.02 0.040+0.01 7.0 
^Data are the mean values of 3 replications. Virus 
antigen and coating antibody concentrations were 1000 ng/ml 
1.5 jig/ml, respectively. Avidin-alkaline phosphatase 
concentration was used at a 1:5000 dilution. Reaction 
temperature was 4°C. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
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Effect of antigen diluent on b-ELISA 
The binding activity was higher when LMV was prepared 
in healthy lettuce seed extracts homogenized in BB-HMP 
(Table 13) than in either of the following buffers tested; 
BB, PBS-T, PBSTP, and PBSTOP. Therefore, BB-HMP was chosen 
as the buffer for the preparation of LMV antigen whenever 
seed extracts were involved in the test. 
Effect of the type of solid-phase in b-ELISA 
The sensitivity of b-ELISA and s-ELISA using 
microtiter plates as the solid-phase was then compared in 
parallel studies. Table 14 shows that at concentrations up 
to 1.0 ng/ml of LMV, a significant difference in the mean 
absorbance values was noted between the two tests when 
conducted at 4°C and 37°C. Absorbance values were higher 
when b-ELISA was used (Figs. 9a and 9b). The limit of 
sensitivity of detection for LMV by b-ELISA was 10-fold 
higher than when s-ELISA was used at 37°C. On the other 
hand, s-ELISA at 4°C detected LMV at 25 ng/ml, while with b-
ELISA, LMV was detected at 1 and 2 ng/ml. Thus, b-ELISA was 
more sensitive in detecting LMV than the s-ELISA method. 
Polystyrene beads and polystyrene microtiter plates 
were used to determine the sensitivity for detecting LMV. 
Table 15 and Fig. 10 show that polystyrene beads, when used 
as the solid-phase in b-ELISA, detected LMV as low as 1 
ng/ml concentration. With polystyrene microtiter plates, 
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Table 12. Effect of avidin-alkaline phosphatase 
enzyme concentrations on plate b-ELISA at 4°C for 
detection of LMV 
Mean O.D. 405 nm values* 
Enzyme concentration P N P/N^ 
1 :100 0.616+0.02 0.280+0.01 2.2 
1 :1000 0.340+0.01 0.050+0.01 6.8 
1 :5000 0.270+0.03 0.030+0.05 9.0 
1 : 10000 0.253+0.09 0.017+0.02 1.5 
1 : 100000 0.126+0.06 0.090+0.04 1.4 
1 : 1000000 0.120+0.02 0.080+0.05 1.5 
1 : 5000000 0.100+0.03 0.120+0.005 0.8 
^Data are the mean values of 3 determinations. 
Concentrations of the virus antigen and the coating antibody 
were 1000 ng/ml and 1.5 fig/ml, respectively. Detecting 
antibody (biotinylated-L-IgG) concentration was 2 pg/ml. 
'^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
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Table 13. Effect of extraction buffers for lettuce seeds 
on plate b-ELISA for detection of LMV 
Mean P.P. 405 nm values^ 
Extraction P N P/N^ 
buffers 
1. BBC 0.76+0.03 0.28+0.007 2.7 
2. BB-HMpd 0.78+0.02 0.23+0.004 3.2 
3. PBS-T® 0.64+0.02 0.24+0.004 2.6 
4. PBSTpf 0.40+0.01 0.24+0.004 1.6 
5. PBSTOPê 0.68+0.03 0.28+0.000 2.4 
^Data are the mean values of 6 replications. 
Concentrations of coating and detecting antibodies were 1.5 
and 2.0 wg/ml, respectively. LMV antigen concentration was 
1000 ng/ml. Avidin-alkaline phosphatase concentration was 
used at a 1:5000 dilution. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
^Borate buffer, 0.05 M, pH 7.2. 
^Borate buffer, 0.05 M, pH 7.2, containing 0.5% sodium 
metaphosphate. 
^Phosphate buffer, 0.02 M, pH 7.2, containing 0.85% 
NaCl and 2.0% Tween-20. 
^Phosphate buffer, 0.02 M, pH 7.2 containing 0.85% 
NaCl, 2.0% Tween-20 and 2.0% polyvinylpyrrolidone. 
Sphosphate buffer, 0.02 M, pH 7.2, containing 0.85% 
NaCl, 2.0% Tween-20, 2.0% ovalbumin and 0.2% 
polyvinylpyrrolidone. 
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Table 14. Relative sensitivity of b-ELISA and s-ELISA 
in microtiter plates at 4°C and 37°C 
Mean 0 .D. 405 nm values* 
LMV,n g/ml 
37°C 
b-ELISA 
4°C 37°C 
s-ELISA 
4°C 
0 0 .182+0 .01 0.108+0 .01 0 .086+0 .02 0 .004+0 .00 
1 0 .202+0 .03 0.148+0 .00 0 .100+0 .01 0 .008+0 .00 
2 0 .218+0 .04 0.134+0 .01 0 .078+0 .02 0 .018+0 .00 
5 0 .214+0 .00 0.136+0 .00 0 .094+0 .03 0 .014+0 .00 
25 0 .250+0 .01 0.164+0 .00 0 .104+0 .03 0 .022+0 .01 
50 0 .230+0 .05 0.170+0 .01 0 .100+0 .01 0 .024+0 .01 
100 0 .292+0 .00 0.184+0 .03 0 .074+0 .02 0 .032+0 .00 
250 0 .322+0 .01 0.256+0 .02 0 .132+0 .02 0 .052+0 .02 
500 0 .344+0 .00 0.286+0 .02 0 .120+0 .02 0 .082+0 .01 
1000 0 .358+0 .00 0.318+0 .02 0 .182+0 .02 0 .126+0 .02 
1500 0 .348+0 .02 0.356+0 .00 0 .272+0 .02 0 .228+0 .01 
5000 0 .374+0 .01 0.388+0 .02 0 .388+0 .02 0 .304+0 .01 
^Data are the mean values of 3 replications. Any 2 
mean values with a difference greater than LSD=0.0309 are 
significantly different as determined by the t-test. 
Coating antibody concentration was 1.5 /ig/ml. Detecting 
antibody concentrations were 1.5 ng/ml and 5.0 g/ml for 
alkaline phosphatase-L-IgG and biotinylated-L-IgG, 
respectively. Avidin-alkaline phosphatase concentration was 
used at a 1:5000 dilution. 
Fig. 9a. Comparison of the sensitivity of detection of 
LMV between b-ELISA and s-ELISA using 
polystyrene microtiter plates as the solid-
phase at 4°C. Absorbance values of b-ELISA 
^ and s-ELISA (• •) . Concentrations of 
capture and detection antibodies were both 1.5 
jig/ml. Concentration of the avidin-alkaline 
phosphatase was used at a 1:5000 dilution 
Absorbance, 405 nm 
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Fig. 9b. Comparison of the sensitivity of detection of 
LMV between b-ELISA and s-ELISA using 
polystyrene microtiter plates as the solid-
phase at 37°C. Absorbance values of b-ELISA 
(• •) and s-ELISA (• •). Concentrations of 
capture and detection antibodies were both 1.5 
pg/ml. Concentration of the avidin-alkaline 
phosphatase was used at a 1:5000 dilution 
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LMV was detected at about 10 ng/ml. Statistical analysis of 
data presented in Table 15 shows no significant differences 
between the two types of solid-phase when LMV concentrations 
were below 500 ng/ml. At higher LMV concentrations such as 
500 to 2500 ng/ml, a significant difference was evident when 
the two types of solid-phase were compared. The use of 
beads yielded significantly higher absorbance values at high 
concentrations of LMV antigen. 
Enzyme-linked Fluorescence Assay-MUP (ELFA-MUPj 
Reduction of non-specific binding in ELFA-MUP 
A common problem associated with solid-phase immuno­
assays is the non-specific adsorption of reactants, 
particularly labeled ones, to unfilled sites on the carrier. 
These non-specific reactions can obscure differences in 
specific binding or lead to false positive readings. This 
problem is accentuated in highly sensitive assays such as 
those which employ fluorescence. Preliminary experiments 
indicated that such phenomena could pose a major concern. 
To circumvent this, various buffer and/or additives were 
evaluated for their effectiveness as non-specific blocking 
agents. 
Table 16 and Fig. 11 demonstrate higher binding 
activity and lower non-specific reactivity associated with 
BLOTTO than with PBSTP or PBSTOP. When BLOTTO was used as 
96 
Table 15. Effect 
b-ELISA 
of the type of solid-phase used 
for purified LMV detection 
in 
Mean O.D. 405 nm values^ 
LMV concentration 
ng/ml 
Bead Plate Difference 
0 0.03+0.01 0.07+0.01 0.04 
1 0.13+0.07b 0.08+0.01 0.05 
2 0.17+0.01 0.08+0.01 0.09 
5 0.18+0.02 0.09+0.03 0.09 
10 0.21+0.02 O.ll+O.Olc 0.10 
25 0.29+0.03 0.18+0.02 0.11 
50 0.35+0.01 0.26+0.02 0.09 
100 0.49+0.06 0.42+0.04 0.07 
250 1.00+0.07 0.88+0.07 0.12 
500 1.61+0.08 1.24+0.08 0.37* 
1000 2.00+0.10 1.71+0.10 0.29* 
2500 2.81+0.20 1.90+0.00 0.91* 
^Data are the mean values of 3 replications. 
Concentrations of the following reagents are: coating 
antibody was 1.5 /xg/ml; biotinylated-L-IgG was 2.0 fig/ml; 
avidin-alkaline phosphatase enzyme was used at a 1:5000 
dilution. 
^Limit of detection of b-ELISA using beads as the solid-
phase is at 1.0 ng/ml of purified LMV as determined by: 0.03 
+ 3(0.01) = 0.06. 
^Limit of detection of b-ELISA using plates as the 
solid-phase is at 10 ng/ml of purified LMV as determined by: 
0.07 + 3(0.01) = 0.10. 
^Significantly different as determined by t-test. 
Fig. 10. Effect of the type of solid-phase on the 
binding activity of LMV antigen in b-ELISA at 
4°C. Absorbance values of polystyrene beads 
(a—a) and for microtiter plates (•—•) . 
Concentrations of the capture and detection 
antibodies were 1 and 2 fig/ml, respectively. 
Avidin-alkaline-phosphatase concentration was 
used at a 1:1000 dilution 
Absorbance, 405 nm 
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blocking agent, fluorescence readings from control beads 
(PBS-T only) were about two-fold lower than either control 
readings from beads blocked with PBS-T or PBSTOP. 
Determination of optimum concentration of coating antibody 
ELFA-MUP 
The effects of various concentrations of the coating 
antibody on specific binding of LMV were determined using 
the fluorescent assay (ELFA-MUP). Beads were adsorbed in 
solutions of L-IgG prepared in carbonate coating buffer that 
varied in protein content. BLOTTO was used both as the 
rinsing and blocking buffer. The bound virus was detected 
with 1.5 pig/ml of L-IgG-alkaline phosphatase during a 12 hr 
incubation. Results are shown in Table 17. The data 
suggest that the initial concentration of coating antibody 
determines the amount of antibody bound to a bead, until 
saturation is obtained. At high concentrations of L-IgG, 
beads approached saturation of binding sites. 
The highest binding ratio (P/N = 11.9) was obtained 
with a coating concentration of 0.5 Mg/ml (Table 17). Thus, 
to attain maximum detection of LMV, the optimum concentration 
of the coating antibody used in ELFA-MUP tests was 0.5 pg/ml. 
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Table 16. Effect of BLOTTO, PBSTP and PBSTOP on specific 
binding in bead ELFA-MUP for detection of LMV 
Mean fluorescence values® 
LMV, ng/ml BLOTTO^ PBSTPC PBSTOpd 
0.00 191 339 377 
0.01 1053 7913 7713 
0.10 2257 7816 966 
1.00 21815 9611 881 
10.00 1503 6815 8812 
100.00 14014 965 966 
®Data are the mean values of 3 replications. Concen­
trations of coating and detecting antibodies were 1.5 pg/ml 
and 2.0 ^ g/ml, respectively. Incubation was done at room 
temperature (about 25°C). Fluorescence readings were 
obtained from the reaction mixtures containing 50 nl of the 
sample and 9 ml of 1 mM diethanolamine, pH 9.8 containing 
0.01 mM MgCl2« 
^5% BLOTTO: prepared from 5 g of non-fat dry milk per 
100 ml of 0.02 M PBS-T, pH 7.2, containing 33 Ml of 
Anti-foam A per 100 ml solution and 0.2 1 of merthiolate 
per 100 ml solution. 
*^0.02 M PBS-T, pH 7.2, containing 2% polyvinyl­
pyrrolidone. 
^0.02 M PBS-T, pH 7.2, containing 2% polyvinyl­
pyrrolidone and 0.2% ovalbumin. 
Fig. 11. Effect of BLOTTO, PBSTP and PBSTOP on the specific 
binding of LMV antigen on bead ELFA-MUP at 25°C. 
Data points are the mean of 3 replications. 
Fluorescence values of beads where BLOTTO , 
PBSTP #—# , and PBSTOP (O—O) were added. 
Concentrations of the capture and detecting 
antibodies were 1.0 and 2.0 pg/ml, respectively 
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Table 17. Effect of coating antibody concentrations in 
bead ELFA-MUP for detection of LMV 
Mean fluorescence values^ 
IgG, ^ %/ml P N P/N^ 
0.1 234 41 5.7 
0.5 958 81 11.9 
1.0 12016 293 4.1 
2.0 12016 7418 1.6 
5.0 1207 1275 1.0 
10.0 17914 1307 1.3 
25.0 20842 16832 1.2 
^Data are the mean values of 3 replications. 
Fluorescence readings were obtained from 50 p1 of the 
reaction mixture diluted with 9 ml of 1 mM diethanolamine 
buffer, pH 9.8, containing 0.01 mM MgCl2. Concentrations of 
virus antigen and detecting antibodies were 1000 ng/ml and 
2.0 fig/ml, respectively. Incubation was at room 
temperature (about 25°C). 
'^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen to 
conjugated antibody in the absence of virus antigen. 
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Determination of optimum concentration of the enzyme-
conjugated L-IgG in ELFA-MUP 
The optimum concentration of the alkaline phosphatase 
conjugated-L-IgG was in the range of 2 to 10 Mg/ml and was 
used in the subsequent ELFA-MUP tests. Fluorescence 
readings from the negative control beads increased with 
increasing concentrations of alkaline phosphatase-L-IgG 
conjugate. The highest P/N ratio was obtained at a 2 pg/ml 
concentration (Table 18). 
Effect of PEG and BSA added to conjugate diluent buffer 
in ELFA-MUP 
To improve the binding activity, 2% PEG and 1% BSA were 
tested as additives to PBS-T for dilutions of the alkaline 
phosphatase-L-IgG conjugate. Table 19 and Fig. 12 reveal 
comparable binding reactions as indicated by the 
fluorescence readings from each level of LMV. However, 
non-specific fluorescence values were 1.5 times lower when 
2% PEG was used in the diluent as compared to 1% BSA. The 
test using PEG in the conjugate dilution buffer clearly 
detected the bound LMV at 0.1 ng/ml, while with the test 
using BSA, LMV was detected at 100 ng/ml levels. Results 
suggest that ELFA-MUP using PEG in the conjugate dilution 
buffer is 1000 times more sensitive than when BSA was used. 
Thus, in succeeding ELFA-MUP tests, the enzyme conjugate was 
prepared in PBS-T containing 2% PEG to achieve maximum 
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Table 18. Effect of alkaline -phosphatase anti-•LMV 
IgG concentrations on bead ELFA-MUP for detection 
of LMV 
Mean fluorescence values® 
Conjugate P N P/N^ 
/ig/ml 
0.01 16+1 13+1 1.3 
0.05 27+3 15+1 1.8 
0.10 32+2 19+3 1.7 
0.5 82+19 29+3 2.8 
1.0 131+25 37+5 3.5 
2.0 248+27 59+7 4.2 
5.0 547+57 169+16 3.2 
^Data are the mean values of 3 replications. 
Fluorescence readings were obtained from 50 1 of the 
reaction mixture diluted with 9 ml of 1 mM diethanolamine 
buffer, pH 9.8, containing 0.01 mM MgCl2. Concentrations of 
virus antigen and coating antibodies were 1000 ng/ml and 1.0 
jig/ml, respectively. Incubation was at room temperature. 
bp/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen to 
conjugated antibody in the absence of virus antigen. 
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Table 19. Effect of polyethylene glycol and bovine serum 
albumin added to the dilution buffer, PBS-T, of 
the alkaline phosphatase-anti-LMV IgG in bead 
ELFA-MUP for detection of LMV 
LMV, ng/ml 
Mean 
BSA 
fluorescence values* 
PEG Controls 
0.00 129+21 87+4 61+4 
0.01 176+19 98+14 60+8 
0.10 183+14 149+26^ 53+6 
1.00 185+14 157+9 58+2 
10.00 185+7 174+33 60+4 
100.00 23I+5C 216+2 82+6^ 
500.00 505+21 430+0 87+5 
1000.UO 580+28 840+5 91+4 
5000.00 870+42 890+14 125+49 
^Data are the mean values of 3 replications. 
Concentrations of coating and detecting antibodies were 1 
g/ml and 2 /ig/ml, respectively. Incubation temperature was 
25°C. Fluorescence readings were obtained from 50 /xl of the 
reaction mixture diluted with 9 ml of 1 mM diethanolamine pH 
9.8, containing 0.01 mM MgCl2. 
^2% polyethylene glycol 600 prepared in 0.02 M PBS-T, 
pH 7.2. Limit of detection of bead ELFA-MUP with the 
incorporation of PEG in the dilution buffer of conjugate is 
at 0.1 ng/ml as determined by: 87 + 3(4) = 99. 
^1% bovine serum albumin prepared in 0.02 M PBS-T, pH 
7.2. Limit of detection of bead ELFA-MUP with the 
incorporation of BSA in the dilution buffer of enzyme-
antibody conjugate is at 100 ng/ml as determined by: 
129 + 3(21) = 192. 
"^Control buffer was PBS-T, pH 7.2. Limit of detection 
is at 100 ng/ml level of LMV as determined by: 61 + 3(4) = 
73. 
Fig. 12. Effect of 2% PEG and 1 %  BSA added to PBS-T, the 
dilution buffer of enzyme conjugate on the binding 
activity of LMV antigen in bead ELFA-MUP at 25°C. 
Data points are the mean of 3 replications. 
Fluorescence values of beads where PEG (•—•) , BSA 
^^ and control buffer (•—•) were added to the 
enzyme conjugate dilution buffer. Concentrations 
of the capture and detection antibodies were 1 and 
2 fig/ml, respectively 
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detection sensitivity. 
Effect of antigen diluent on ELFA-MUP 
Several problems with virus aggregation and 
consequently, quantitation were experienced throughout the 
development of the assay. LMV in preliminary experiments 
was diluted in PBS-T. However, frequent spontaneous 
precipitation of the virus was caused by the dilution buffer 
and consequently, erratic and reduced binding activities 
were noticed. With the assumption that erratic binding was 
caused by virus aggregation, a suitable dilution buffer was 
sought to solve the problem. Thus, PBS-T (Clark and Adams, 
1977; Falk and Purcifull, 1982, 1983) and BB-HMP (Bryant, 
1981; Hill et al., 1981b) were tested for their ability to 
reduce virus aggregation. LMV was added to respective 
dilution buffers and experiments were done with the ELFA-
MUP system using beads as the solid-phase. 
The binding activity was higher when LMV was diluted in 
healthy lettuce seed extracts homogenized in BB-HMP (Table 
20a) than in PBS-T. Additives including mannose, 
glucosamine (Ghabrial and Shepherd, 1982), and normal rabbit 
serum (MRS) (Bryant, 1981) were tested to improve the 
efficiency of BB-HMP in reducing virus aggregation and lower 
non-specific binding activity. Table 20b shows no 
difference among the three additives used and the buffer 
alone. The results obtained here indicate that BB-HMP (as 
Table 20a. Effect of buffer used to dilute LMV antigen on 
plate ELFA-MUP for detection of LMV 
Mean fluorescence values^ 
Antigen dilution buffers 
LMV, ng/ml BB-HMP PBS-T 
0 5.2+1.1 3.5+1.6 
1 6.0+2.3 7.0+2.0 
2 8.2+1.3 7.6+2.7 
3 9.5+1.3b 8.0+1.5 
5 12.7+2.3 8.7+0.5 
10 12.0+3.2 8.3+1.2 
25 12.0+1.2 9.5+3.0 
100 15.4+2.1 7.7+2.1 
250 18.0+3.1 8.0+3.5 
^Data are the mean values of 6 replications. 
Fluorescence readings were obtained from 50 /il of the 
reaction mixture diluted with 9 ml of 1 mM diethanolamine, 
pH 9.8, containing 0.01 mM MgCl2« Concentrations of coating 
and detecting antibodies were 1 ^g/ml and 2 pg/ml, 
respectively. Incubation was at 4°C. 
^0.05 M borate buffer, pH 7.2, containing 0.5% sodium 
metaphosphate. Limit of detection of plate ELFA-MUP 
using BB-HMP as the diluent is at 4 ng/ml as determined by: 
5.2 + 3(1.1) = 8.5. 
^0.02 M PBS containing 0.05% Tween-20, pH 7.2. Limit of 
detection of plate ELFA-MUP using PBS-T as the antigen 
diluent is at 8 ng/ml as determined by; 3.5 + 3(1.6) = 8.3. 
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the antigen dilution buffer for reducing virus aggregation 
and lowering non-specific fluorescence) was satisfactory. 
Effect of the type of solid-phase in ELFA-MUP 
Similar tests were done using ELFA-MUP to support 
further the data obtained from previous experiments using s-
ELISA and b-ELISA showing that beads used as the solid-phase 
can enhance sensitivity more than when plates were used in 
the assay for LMV detection. Results shown in Table 21 
corroborate observations of previous experiments suggesting 
that fluorescence readings obtained from the polystyrene 
beads and polystyrene microtiter beads and polystyrene 
microtiter plates differ significantly at all LMV 
concentrations. Fig. 13 illustrates the profile of the two 
types of solid-phase when used in the ELFA-MUP system. 
Higher fluorescence values were obtained at all levels of 
LMV when polystyrene beads were used as the solid-phase. 
Therefore, from all subsequent tests involving ELFA-MUP, 
polystyrene beads were chosen as the solid-phase type. 
Enzyme-linked Fluorescence Assay-MUG (ELFA-MUG) 
Labeling L-IgG with /3-galactosidase 
Tests employing another enzyme were developed and 
employed in the fluorescence assay to investigate further the 
potential of various assays. The Protein-A purified L-IgG 
was coupled to the SPDP and later reduced with DTT to 
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Table 20b. Effect of antigen dilution buffer containing 
mannose, glucosamine, and normal rabbit serum 
on plate ELFA-MUP for detection of LMV 
Mean fluorescence values* 
LMV, ng/ml 11^ III^ 
0 14+1 13+0 13+1 
100 13+1 15+1 12+3 
1000 43+2 43+2 30+0 
*Data are the mean values of 3 replications. 
Fluorescence values were obtained by reading 50 Ml of 
reaction mixture diluted with 9 ml of 1 mM diethanolamine, 
pH 9.8, containing 0.01 mM MgCl2. Concentrations of coating 
and detecting antibodies were 1 ^g/ml and 2 /xg/ml, 
respectively. Incubation was at 4°C. 
^0.05 M borate buffer, pH 7.2, containing 0.5% sodium 
metaphosphate (BB-HMP only). 
*^0.05 M BB-HMP containing 2.0% (w/v) mannose and 
glucosamine. 
*^0.05 M BB-HMP containing 50 1 of normal rabbit serum. 
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Table 21. Effect of the type of solid-phase on ELFA-MUP 
for detection of LMV 
Mean fluorescence 1 values^ 
LMV, ng/ml Bead Plate Difference 
0 21.0+03 5.0+01 16.00* 
5 21.8+35^ 5.2+51 16.58* 
25 25.5+04 5.6+62 19.83* 
50 34.8+02 2.0+01 32.00* 
100 32.2+03 3.8+31 28.36* 
250 26.0+02 7.0+01 19.00* 
500 26.8+34 4.6+61 22.17* 
1000 46.0+07 8.5+81 37.42* 
5000 54.1+68 26.6+62 27.50* 
10000 85.6+67 42.3+33 43.33* 
^Data are the mean values of 6 replications. 
Fluorescence values were determined by reading 50 ul of 
reaction mixture diluted with 1 mM diethanolamine, pH 9.8, 
containing 0.01 mM MgCl2. Concentrations of coating ana 
detecting antibodies were 1 pg/ml and 2 p^/ml, respectively. 
Incubation temperatures were 4°C for plate and 25°C for bead 
ELFA-MUP. 
^Limit of detection of ELFA-MUP using beads as the solid-
phase is at 50 ng/ml level of purified LMV as determined by: 
21 + 3(3) = 30. 
^Limit of detection of ELFA-MUP using plates as the 
solid-phase is at 1000 ng/ml level of purified LMV as 
determined by: 5 + 3(1) = 8. 
*Significantly different as determined by t-test. 
Fig. 13. Effect of the type of solid-phase on the binding 
activity of LMV antigen in ELFA-MUP. Data 
points are the mean of 6 replications. 
Fluorescence values of polystyrene beads A) 
and microtiter plates (• •). Concentrations 
of the capture and detection antibodies were 1 
and 2 ^g/ml, respectively. Reaction 
temperatures were 4°C and 37°C for plates and 
beads, respectively 
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precondition the binding sites of the antibody prior to 
conjugation with 0-galactosidase. The elution profile of the 
SPDP-IgG, SPDP-IgG-DTT, and the /3-galactosidase-L-IgG are 
shown in Figs. 14a, 14b, and 15, respectively. Fractions 7 
to 13 eluted from the column represented in Fig. 14a were 
used to couple with DTT and chromatographed on the column 
represented in Fig. 14b. Fractions 10 to 25 from the elution 
profile of this column were used for conjugation with 13-
galactosidase. The enzyme conjugated L-IgG, which was eluted 
from fractions 50 to 75 of the Sepharose 6B CL column (Fig. 
15), was employed in the serological assays. The maximum 
protein concentration was evident in the first peak of the 
profile shown in Fig. 14a, and in the first peak of the 
profile of Fig. 14b. Fractions eluted from the column 
profile represented by Fig. 15 were assessed for the presence 
of enzyme activity by reacting 50 Ml of each fraction with 3.5 
ml of the substrate, MUG, specific to /3-galactosidase (Fig. 
15, broken line). The enzyme-substrate reactions were 
measured in the Turner fluorometer. Fluorescence readings of 
the aliquots suggest that the highest enzyme activity 
coincided with the second peak of the profile obtained from 
the UV monitoring device used for the affinity chromatography 
tests (Fig. 15). 
Fig. 14a. Elution profile of the anti-LMV-IgG coupled 
with the SPDP reagent chromatographed through a 
0.7 X 20 cm Sephadex G-25 column using 
0.1 M acetic acid, pH 4.5, containing 0.1 M 
NaCl as the elution buffer. Absorbance 
values obtained at 280 nm in a Gilford 
spectrophotometer ) and from the UV column 
monitoring device ( ) 
Fig. 14b. Elution profile of the anti-LMV-IgG SPDP 
coupled with DTT reagent obtained through a 
0.7 X 20 cm Sephadex G-25 column using 0.01 M 
sodium phosphate, pH 7.5, containing 0.1 M 
NaCl as the elution buffer. Absorbance 
values obtained at 280 nm in a Gilford 
spectrophotometer ~ and from the UV column 
monitoring device ( ) 
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Fig. 15. Elution profile of the anti-LMV-IgG conjugated 
with /3-galactosidase obtained through a 700 x 
15 mm Sepharose 6B CL column using 0.01 M sodium 
phosphate, pH 3.0, containing 0.14 M NaCl and 
0.02% NaNo as the elution buffer. Absorbance 
values obtained at 280 nm in a Gilford 
spectrophotometer ( ) and from the UV column 
monitoring device (- — 4 
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Optimization of the coating and detection antibody for 
ELFA-MUG . 
Beads were sensitized with different concentrations of 
L-IgG to determine the optimum concentration of the coating 
antibody as described previously and incubated with 1 or 0 
Mg/ml of LMV. The bound LMV antigen on the sensitized beads 
was detected by L-IgG-/3-galactosidase (5 ptg/ml). Non­
specific and specific binding activities are shown in Table 
22. The amount of activity bound in the presence or absence 
of LMV increased with increasing concentrations of the 
coating antibody until saturation was attained. The ratio 
of activity bound in the presence to that in the absence of 
the virus reached a maximum at an antibody concentration of 
2.0 fxg/ml. 
Effect of PEG and BSA added to the conjugate dilution buffer 
in ELFA-MUG 
As in ELFA-MUP, 2.0% PEG and 1.0% BSA were added to the 
dilution buffer of the enzyme conjugate to study their 
effects on the binding activity determined by fluorescence 
values. The same protocol as in ELFA-MUP was followed. 
Table 23 and Fig. 16 reveal quite similar binding responses 
for both treatments with the presence of either PEG or BSA 
at 0.001 to 10 ng/ml of LMV. However, beads, where the 
conjugate was prepared in a buffer containing the BSA, 
fluoresced slightly higher than when PEG was added at LMV 
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Table 22. Effect of coating antibody concentrations in 
bead ELFA-MUG for detection of LMV 
Mean fluorescence values^ 
IgG, Mg/ml P N P/N^ 
0.1 11+1.7 7.6+0.5 1.4 
0.2 13+3.0 10.0+3.0 1.3 
0.5 16+3.7 11.6+2.0 1.4 
1.0 16+1.5 10.0+2.0 1.6 
2.0 35+4.2 13.3+3.5 2.6 
5.0 21+3.6 14.3+4.0 1.5 
^Data are the mean values of 3 replications. 
Fluorescence values were determined by reading 500 pi of 
reaction mixture diluted with 3 ml of 0.01 M sodium 
phosphate buffer, pH 7.0, containing 0.05 mM of MUG. 
Concentrations of virus antigen and enzyme-conjugated were 
1000 ng/ml and 5 /zg/ml, respectively. Incubation temperature 
was 25°C. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen to 
conjugated antibody in the absence of virus antigen. 
Table 23. Effect of the addition of polyethylene glycol 
and bovine serum albumin into the dilution 
buffer of /3-galactosidase-L-IgG in bead ELFA-
MUG for detection of LhV 
Mean fluorescence values* 
LMV concentration BSA PEG Control 
ng/ml 
0 32+0.7 24+8 16+3 
0.001 32+4.0 33+4 17+1 
0.01 35+0.0 37+10 21+2 
0.10 35+0.7 40+5 17+2 
1.00 43+0.0% 40+0C 23+3 
10.00 45+2.0 43+7 25+5 
100.00 91+1.4 60+7 30+5 
500.00 133+0.7 82+2 31+1 
1000.00 142+1.6 112+2 31+1 
5000.00 142+2.8 141+10 34+3 
^Data are the mean values of 6 replications. 
Fluorescence values were determined by reading 500 nl of 
reaction mixture diluted with 3.5 ml of 0.01 M sodium 
phosphate buffer, pH 7.0, containing 0.05 mM MUG. 
Concentrations of coating and detecting antibodies were 
2 /ig/ml and 5 fxg/ml, respectively. Incubation temperature was 
25"C. 
^Limit of detection of bead ELFA-MUG with the 
incorporation of 1% bovine serum albumin into the 0.02 M 
PBS-T, pH 7.2, is at 0.01 ng/ml level of purified LMV as 
determined by: 32 + 3(1.7) = 37.1. 
^Limit of detection of bead ELFA-MUG with the 
incorporation of 2% polyethylene glycol into the 0.02 M PBS-T, 
pH 7.2, is at 0.1 to 1.0 ng/ml level of purified LMV as 
determined by: 24 + 3(5) = 39. 
^Control buffer was PBS-T, pH 7.2. Limit of detection 
is at 10 ng/ml level of purified LMV as determined by: 
16 + 3(3) = 25. 
Fig. 16. Effect of 2% PEG and 1% BSA added to PBS-T, the 
dilution buffer of the enzyme conjugated anti-
LMV-IgG on the binding activity of LMV antigen 
in bead ELFA-MUG at 25°C. Data points are the 
mean of 6 replications. Fluorescence values of 
beads where PEG (* , BSA (• •) and control 
buffer (•—•) were added to the enzyme conjugate 
dilution buffer. Concentrations of the capture 
and detection antibodies were 2 and 5 fxg/ml, 
respectively 
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levels ranging from 100 to 1000 ng/ml. Binding reactions 
level off at higher LMV concentrations, suggesting saturation 
of reactive sites. When PEG was used as the additive to 
PBS-T, binding activity increased linearly with an 
increasing concentration of LMV as shown in Fig. 16. The 
background binding activity of control beads was lower in 
PEG treatments than those obtained when BSA was used. The 
limit of detection with the presence of either PEG or BSA 
was 0.1 to 1.0 ng/ml and 1.0 ng/ml, respectively. 
Therefore, PEG was chosen as the additive in the dilution 
buffer for /3-galactosidase. 
Table 24 shows that as concentrations of the enzyme 
conjugate increase, fluorescence readings increase both in 
the presence and absence of the virus. Similar binding 
activity was noted at protein concentrations ranging from 1 
to 10 fig/ml. 
Comparisons of detection sensitivity among b-ELISA and the 
fluorescence assays 
Since b-ELISA was found to be more sensitive than s-
ELISA at both 4°C and 37°C from previous experiments, the 
former system was directly compared with the fluorescence 
immunoassays using alkaline phosphatase and /3-galactosidase 
as enzymes conjugated to the antibody. Table 25 elicits the 
highly sensitive nature of the assays employing fluorogenic 
substrates as opposed to those using chlorogenic substrates. 
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Table 24. Effect of /3-galactosidase-L-IgG concentration 
on bead ELFA-MUG for detection of LMV 
Mean fluorescence values^ 
Conjugate, fxg/ml p N p/wb 
0.1 6.5+0.7 5.5+0.7 1.2 
0.2 7.0+1.0 6.0+0.0 1.2 
0.5 10.0+3.0 7.0+1.4 1.4 
1.0 17.0+0.0 y.0+0.0 2.1 
2.5 23.0+4.0 10.0+2.1 2.3 
5.0 49.0+9.0 19.0+0.0 2.6 
10.0 77.0+0.5 28.0+2.8 2.7 
20.0 123.0+6.0 50.0+7.0 2.5 
^Data are the mean values of 6 replications. 
Fluorescence values were determined by reading 500 jul of 
reaction mixture diluted with 3.5 ml of 0.01 M sodium 
phosphate buffer, pH 7.0, containing 0.05 mM MUG. 
Concentrations of coating antibody and virus antigen were 2 
fig/ml and 1000 ng/ml, respectively. Incubation temperature 
was 25°C. 
^P/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen to 
conjugated antibody in the absence of virus antigen. 
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Data show that the background reading for b-ELISA in Table 
25 was approximately 4 times higher than those noted from 
earlier experiments (Table 14), thus affecting the 
sensitivity of the assay. The ELFA systems with MUP and MUG 
substrates showed approximately equal sensitivity. In 
another experiment, the two fluorescence immunoassays were 
directly compared. 
Sensitivity test between ELFA-MUP and ELFA-MUG 
Earlier experiments have revealed the superiority of the 
polystyrene beads used as the solid-phase as compared to 
polystyrene microtiter plates in terms of binding activity. 
Hence, the sensitivity of ELFA-MUP was compared to the ELFA-
MUG system in parallel experiments using polystyrene beads as 
the carrier. Results of this investigation are shown in 
Table 26. Fluorescence values obtained from both assays were 
highly dependent on the dilutions made for each reaction 
mixture. Thus, direct comparison of the absolute 
fluorescence values at each virus concentration of the two 
systems is not possible since different dilutions were used 
for the reading. However, when the P/N ratio was 
calculated, both systems showed quite similar binding 
reactions. Sensitivity of detection for LMV by using either 
ELFA-MUG or ELFA-MUP was as low as 1 ng/ml. Because of 
these results, either ELFA-MUP or ELFA-MUG was satisfactory. 
However, because of the relative ease of preparation of the 
Table 25. Relative sensitivity of detection for LMV in 
b-ELISA, ELFA-hUP and ELFA-MUG using beads as 
the solid-phase 
Mean values 
LMV, ng/ml b-ELISA ELFA-MUP ELFA-MUG 
0.000 0.49+0.1 71.33+7 16.001 
0.001 0.62+0.2 77.66+2 17.001 
0.005 0.51+0.6 75.00+7 20.661 
0.010 0.53+0.0 82.00+0 21.002 
0.100 0.62+0.1 84.00+0 17.002 
1.000 0.63+0.1 106.00+14* 23.00+3% 
10.000 0.65+0.1 101.00+0 25.00+5 
50.000 0.95+0.2C 126.23+8 33.66+3 
100.000 1.32+0.4 169.66+5 45.66+3 
500.000 1.78+0.2 410.00+12 98.66+2 
1000.000 2.63+0.2 490.00+17 121.00+10 
5000.000 2.90+0.0 586.66+11 123.66+17 
^Data are the mean values of 6 replications. 
Fluorescence values were determined by reading 50 pi of 
reaction mixture diluted with 9 ml of 1 mM diethanolamine, 
pH 9.8, containing 0.01 mM MgCl2• Concentrations of coating 
and detecting antibodies were 1 ptg/ml and 2 Mg/ml, 
respectively. Incubation was at room temperature. Limit of 
detection is 1 ng/ml as determined by: 71.33 + 3(7) = 92.33. 
^Data are the mean values of 6 replications. 
Fluorescence values were determined by reading 500 jxl of 
reaction mixture diluted with 3.5 ml of 0.01 M sodium 
phosphate buffer, containing 0.05 mM MUG. Concentrations of 
coating and detecting antibodies were 2 pg/ml and 5 ^g/ml, 
respectively. Incubation was at room temperature. Limit of 
detection is 1 ng/ml as determined by: 16 + 3(1) = 19. 
^Data are the mean values from O.D. 405 nm readings 
of 6 replications. Concentrations of coating and detecting 
antibodies were 1.5 pg/ml and 2 /xg/ml, respectively. 
Avidin-alkaline phosphatase concentration used was 1:1000 
dilution. Incubation was done at room temperature. Limit 
of detection is 50 ng/ml of purified LMV as determined by: 
0.49 + 3(0.1) = 0.79. 
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Table 26. Relative sensitivity of ELFA-MUP and ELFA-MUG 
using beads as the solid-phase for detection 
of LMV 
Mean fluorescence values^ 
LMV, ng/ml ELFA-MUpb P/RC ELFA-MUG^ P/N 
0.000 129+10 26+6 
0.001 176+8 1.3 33+6 1.2 
0.010 185+9 1.4 31+7 1.2 
0.100 192+10 1.5 37+5 1.4 
1.000 200+9 1.5 38+2 1.4 
10.000 210+9 1.5 41+4 1.5 
100.000 231+5 1.8 57+4 2.2 
500.000 505+20 4.0 80+3 3.1 
1000.000 800+20 6.2 109+4 4.2 
5000.000 870+31 6.7 167+30 6.2 
&Data are the mean values of 3 replications. 
^Fluorescence values were determined by reading 50 Ml 
of reaction mixture diluted with 9 ml of 1 mM diethanol-
amine buffer, pH 9.8, containing 0.05 mM MgCl2. Concen­
trations of coating and detection antibodies were 1 pg/ml 
2 Mg/ml, respectively. Reaction temperature was at Z5°C. 
cp/N ratio is defined as the ratio of the absorbance of 
conjugated antibody bound in the presence of virus antigen 
to conjugated antibody in the absence of virus antigen. 
^Fluorescence values were determined by reading 500 
pi of reaction mixture diluted with 3.5 ml of 0.01 M sodium 
phosphate buffer, pH 7.0, containing 0.05 mM MUG. 
Concentrations of coating and detection antibodies were 
2 pg/ml and 10 pg/ml, respectively. Incubation temperature 
was 25°C. 
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reagents used in ELFA-MUP, this system was chosen for 
subsequent experiments for the detection of LMV in infected 
lettuce seeds. 
Seed Assay 
The grow-out test was aborted due to the failure of the 
lettuce seedlings (seed source was suspected to contain high 
LMV infection) to show distinguishable symptoms. Data 
showing that the contaminated lettuce seed lot used in this 
investigation actually contained LMV-infected seeds were 
obtained from the infectivity tests using C. quinoa as the 
assay host plant. Of 1000 seeds tested from the 
contaminated lettuce seed lot, a total of 20 assay host 
plants inoculated with extracts of single seeds showed 
symptoms typical of LMV infection. This particular seed lot 
was then used in subsequent serological assay for testing 
the effectiveness of LMV detection by the immunoassay 
developed in this investigation. 
Preliminary tests revealed that PBS-T was less 
satisfactory than BB-HMP when used to prepare seed extracts. 
The use of PBS-T yielded erratic binding reactions and 
induced particle aggregation when purified LMV was used. 
However, when BB-HMP was used to dilute the LMV antigen with 
the addition of healthy lettuce seed extracts, a 
satisfactory dose-response was observed (Tables 13 and 27). 
In addition, generally lower background fluorescence values 
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were noted in samples prepared in BB-HMP. However, with the 
exclusion of seed extracts, a higher binding ratio of LMV 
prepared in BB-HMP was obtained (Fig. 17). Maximum 
fluorescence values were obtained with 5000 ng/ml of LMV 
antigen. Fluorescence values observed from purified LMV 
diluted in BB-HMP were about 1.7 times higher than when 
healthy seed extract was incorporated into the dilution 
buffer. With BB-HMP as diluent, the relationship between 
LMV concentration and fluorescence values appeared to be 
linear at 50 to 5000 ng/ml concentrations. On the other 
hand, BB-HMP plus healthy seed extracts and PBS-T plus seed 
extracts, the linear relationship was observed at 1000 to 
5000 ng/ml, and at 500 to 5000 ng/ml, respectively. 
Therefore, BB-HMP was chosen as the seed extraction buffer 
to minimize virus aggregation, reduce non-specific 
reactions, and maximize binding activities. 
Experiments conducted to determine the sensitivity of 
ELFA-MUP in detecting at least one LMV infected seed in a 
given sample were done by mixing a known number of seeds 
from a seed lot containing 2.0% LMV-infected seeds 
(determined earlier by infectivity test) with healthy seeds. 
If u equals the probability of an infected seed, (1-u) 
equals the probability of virus-free seed, P equals the 
probability that a sample will contain at least one infected 
seed, and n equals the number of seeds from the virus-
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Table 27. Effect of buffer used for LMV antigen dilution 
in bead ELFA-hUP 
Mean fluorescence values^ 
LMV, ng/ml I II III 
0 31+3 25+1 66+1 
1 35+3 2+61 57+3 
5 42+4% 28+0 60+5 
50 44+2 29+2C 62+1 
250 57+1 29+2 62+1 
500 105+3 32+1 70+6^ 
2500 149+4 50+2 88+2 
5000 233+4 135+3 149+7 
^Data are the mean values of 3 replications. 
Fluorescence values were determined by reading 50 fxl of 
reaction mixture diluted with 9 ml of 1 mM diethanolamine 
buffer, pH 9.8, containing 0.05 mM MgCl2. Concentrations of 
coating and detecting antibodies were 1 and 2 pg/ml, 
respectively. Incubation was at 25°C. 
^BB-HMP containing purified LMV in the absence of seed 
extracts. Limit of detection is at 5 ng/ml level of 
purified LMV as determined by: 31 + 3(3) = 40. 
*^BB-HMP containing purified LMV plus seed extracts. 
Limit of detection is at 50 ng/ml level of LMV as determined 
by: 25 + 3(1) = 28. 
^TBS-T containing purified LMV plus seed extracts. 
Limit of detection is at 500 ng/ml level of LMV as 
determined by: 66 + 3(1) = 69. 
Fig. 17. Effect of BB-HMP, and PBS-T as the dilution 
buffer for LMV antigen in bead ELFA-MUP 
at 25°C. Data points are the mean of 3 
replications. Fluorescence values of purified LMV 
prepared in BB-HMP, (• •) , in BB-HMP + seed 
extracts, ^ o), and PBS-T + seed extracts 
^. Concentrations of capture and detection 
antibodies were 1 and 2 jug/ml, respectively 
137 
5 0  5 0 0  5 0 0 0  
LI^/, ng/ml 
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infected seed lot, then the distribution of samples of size 
n follows the binomial distribution: 
1 - (1-u)^ = P 
-  ( l - u ) "  =  p  -  1  
(l-u)^ = 1 - P 
n log (1-u) = log (1-P) 
n = log (1-P) / log (1-u) 
For instance, to obtain a probability of 0.70 of 
containing at least one infected seed in a sample of size n, 
using an infected seed lot containing two percent LMV-infected 
seeds as given, then P = 0.70, and u = 0.02, thus, 
n = log (1 - 0.70) / log (1 - 0.20) 
= log 0.30 / log 0.98 
=  - 1 . 2 0  /  - 0 . 2 0  
= 60 
Therefore, 60 seeds were taken from the virus source and 
mixed with the healthy lettuce seeds to constitute a sample 
mixture (500 seeds/sample mixture). This sample of 60 LMV-
infected lettuce seeds has a probability of 0.70 that a 
sample will contain at least one infected seed. The same 
calculations were used for situations where P = 0.50 and 
0.30 of observing at least one infected seed in a sample of 
n from the same seed lot (Table 28). The contrived mixtures 
of seed samples expected to show the presence of the virus 
as per given probability are shown in Tables 28 and 29. 
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Data presented in Table 28 indicate that the observed total 
number of seed sample mixtures to show the presence of LMV 
was slightly higher than the expected number of seed sample 
mixtures with P = 0.50 and 0.70. This suggests the presence 
of some chance variations in the test conducted. 
Nonetheless, the immunoassay developed in this study was 
capable of detecting LMV in contaminated lettuce seeds at 
very low concentrations. The chances of detecting the 
presence of LMV in infected seed samples can be increased by 
increasing the number of infected seeds to be tested. For 
example, if 17 seeds from the virus source containing 2.0% 
LMV-infected seeds are used in the contrived sample, the 
probability of detecting at least one seed to show the virus 
was only 30%. Increasing the number of seeds to be tested 
to 34 or 60 seeds from the same virus-infected seed source 
can increase the chances of observing more infected samples 
to 50 and 70 percent, respectively. 
Results from the seed assay using ELFA-MUP suggest 
that the immunoassay can detect the presence of LMV in 
contaminated lettuce seed samples where virus concentrations 
are generally very low. 
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Table 28. Number of seed sample mixtures detected to 
contain at least one LMV-Infected seed by ELFA-
MUP with beads as the solid-phase 
£ samples detected to contain at least one infected seed^ 
p^ Seed^ I II III Total^ Expected® 
mixture 
- 0 + 500 0 0 0 0 0 
0.30 17 + 483 2 2 4 8 9 
0.50 34 + 466 5 6 5 16 15 
0.70 60 + 440 9 9 9 26 25.2 
^Ten to twelve samples (replications) of each seed 
mixture of infected and healthy lettuce seeds were tested 
per experiment. 
= probability that a sample will contain at least 
one infected seed. 
Cgeed mixture = n+(l-u); where n is the number of 
lettuce seeds taken from the LMV-infected seed lot 
containing 2% of virus infection, and (1-u) is the number of 
healthy lettuce seeds as determined by using the binomial 
distribution (see text). 
^Actual sum total of seed sample mixtures rated to 
contain at least one infected lettuce seed over three 
experiments. 
®Total number of expected seed sample mixture to rate 
positive over three experiments as determined by: number of 
experiments x number of replications x P = expected total; 
for instance, if P = 0.70, then 3(12)(0.70) = 25.2. The 
same calculations were done where P = 0.50 and 0.30. 
Table 29. ELFA-MUP fluorescence values for lettuce seed 
mixtures tested 
Number of infected + number of healthy seeds* 
Seed mixture 
Reps. 17+483% 34+466^ 60+440^ 
1 2 3 4 5 6 7 8 9 
1 31 (+ =25(-) 28(-) 45(+) 29(-) 31(-) 27(-) 30(-) 40(+) 
2 24 (- 31(+) 23(-) 31(-) 33(+) 31(-) 32(+) 42(+; 30(-) 
3 29 (+ 32(+) 34(+) 30(-) 28(-) 66 (+) 32(+) 30(-) 30(-) 
4 24(- 25(-) 30(-) 45(+) 34(+) 32(+) 34(+) 37(+) 44(+) 
5 27(- f7(-) 33(+) 46 (+) 32(+) 30(-) 32(+) 48 (+) 35 (+) 
6 23(- 25(-) 28(-) 28(-) 35(+) 29(-) 32(+) 43(+) 35(+) 
7 23(- 25(-) 28(-) 30(-) 33(+) 31(-) 35 (+) 45(+) 35 (+) 
8 21(- 28(-) 28(-) 44(+) 32(+) 33(+) 32(+) 40(+) 30(-) 
9 24(- 26(-) 33(+) 44(+) 29(-) 34 (+) 38(+) 41 (+) 35 (+) 
10 22(- 27(-) 37(+) 29(-) 30(-) 32(+) 30(-) 41(+) 37(+) 
11 NT^ NT NT NT NT NT 27(-) 39(+) 30(-) 
12 NT NT NT NT NT NT 33(+) 30(-) 65(+) 
13& 21 24 25 29 28 30 24 27 27 
^Number of lettuce seeds from infected seed lot containing 2.0% 
LMV infection plus the given number of healthy seeds. 
^Seed test where P = 0.30. Mean value of control (healthy seeds) 
from 3 replications equals 231.7. Therefore, any fluorescence values 
greater than 28.1 (determined by: 23+3(1.7) = 31.4) were rated (+). 
^Seed test where P = 0.50. Mean value of control from 3 
replications equals 290.8. Therefore, any fluorescence values greater 
than 31.4 (determined by: 29+3(0.8) = 31.4) were rated (+). 
^Seed test where P = 0.70. Mean value of control from 3 
replications equals 261.4. Therefore, any fluorescence values greater 
than 30.2 (determined by: 26+3(1.4) = 30.2) were rated (+). 
®Data are the main fluorescence values of 3 replications. (-) 
indicates that a sample mixture did not contain LMV; (+) indicates 
that a sample was rated positive for LMV. Samples were rated positive 
if fluorescence values for all replicates were greater than the mean 
of healthy control plus three standard deviation. 
%T=not tested. 
&Mean fluorescence values of 0 + 500 (control). 
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DISCUSSION 
The transmission of LMV through seed is a significant 
factor in the ubiquitous nature of the virus wherever 
lettuce is grown. The seed-borne nature of the virus 
confers one of the more feasible means by which control of 
the disease can be obtained. Additionally, the use of 
virus-resistant or insect-resistant genes in cultivars of 
lettuce is feasible. Detection of seed infection by viruses 
ultimately contributes to disease control. Estimation of 
the amount of virus contained in seed lots through reliable 
tests for virus detection can provide seed producers with a 
way to evaluate the advisability of distributing 
contaminated seed into the commercial market. 
Several enzyme-linked immunosorbent assay techniques 
were compared in this study. It was important to prepare 
immunological reagents of highest purity, specificity, and 
reactivity to achieve the objectives of the study. The use 
of whole serum or partially purified immunoglobulin 
preparations often results in non-specific binding. Non­
specific reactions of hyperimmune serum were noted by Bryant 
(1981) when crude gamma globulin preparations were used to 
label anti-SMV IgG with tritium. Reduction of non-specific 
reactions is important to prevent the occurrence of "false 
positive reactions." Thus, in this investigation, the virus 
specific antibody was exhaustively cross-absorbed with 
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"healthy-host" antigen and purified by protein-A affinity 
chromatography before use for labeling the anti-LMV IgG. 
The sandwich technique, in which reactants are 
sequentially added to the solid-phase, was desirable because 
LMV has a putative polyvalent nature, and hence, allows the 
virus to link with a great number of antibody molecules. 
Thus, the immunological bridge between antibody adsorbed to 
the surface of the solid-phase and the labeled antibody is 
the virus itself. The sequential addition of these three 
reagents produces the immune complex, with labeled antibody 
acting as an indicator to quantify variations in previously 
bound reactants. 
The choice of the bead system was based, in part, on 
the facility with which the carrier can be efficiently 
rinsed and transferred from one reactant to the next. Also 
the need to "waste" an entire plate for only a few assays is 
avoided. Preliminary investigation of polystyrene beads as 
the solid-phase for LMV detection has revealed properties 
similar to tests using polystyrene microtiter plates (Hill 
et al., 1981a) as the solid-phase. Although conditions for 
the plate and bead ELISA tests were somewhat different, 
comparisons were still possible since conditions were 
optimized for each system. Concentration of coating 
antibody at 1.5 /ig/ml was found to be optimal for both the 
bead and plate ELISA systems. 
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Spherical polystyrene beads, have been employed in 
several immunoassays for the detection of some animal 
viruses (Arstila et al., 1977; Kalimo et al., 1977; 
Valenzuela et al., 1985a, 1985b), plant viruses (Bryant et 
al., 1983; Chen et al., 1982; Hsu and Simione, 1980; Nolan 
and Campbell, 1984), and bacteria (Drow et al., 1979). 
Beads have also been used as the solid-phase for measuring 
density changes in complexes formed by the interaction 
between antigen and antibody (Genung and Hsu, 1978). 
Beads are of uniform size and surface areas. The 
increased surface area of a bead may be caused by the 
presence of many grooves and pits located on the bead's 
surface (Bryant, 1981). This can increase available sites 
for adsorption on the bead surface. The bead, because of 
its spherical nature, attaches to the reactant vessel at 
only one point. A highly uniform and reproducible exposure 
of the bead's surface area can be attained when beads are 
completely submerged. For these reasons, spherical beads 
have been reported to yield precise and reproducible results 
in both ELISA and RIA (Smith and Gehle, 1977). With 
microtiter plates as the solid-phase, it can be more 
difficult to achieve uniform exposure of the solid-phase 
surface to reagents. Splattering whenever reactants are 
added or vessels moved, can be experienced, hence, 
precision is not as easy to attain because reagents may 
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adsorb to different heights on the vessel surfaces. Low 
background readings can generally be obtained with 
polystyrene beads since they can be easily removed from each 
reagent for efficient rinsing. Ziola et al. (1977) and 
Ziola (1978) found less than 1.5% non-specific adsorption of 
labeled human serum albumin. These observations were 
associated with efficient removal of labeled antigen and the 
transfer of beads to clean tubes before measuring reactions. 
A limitation of using beads in immunoassays is the necessity 
to move individual beads from one reactant to the next. 
This problem can be circumvented by the introduction of 
ferromagnetic beads which can be manipulated by use of 
magnetic probes (Guesdon and Avmareas, 1977; Smith and 
Gehle, 1977). This system offers future potential for 
automation. An automated ELISA system using microtiter 
plates has been used in both private- and state-run 
laboratories. Data from the automated microtiter plate 
absorbance reader can be fed into a microcomputer for 
evaluation. Caulfield and Shaffer (1985) designed a 
computer program to evaluate ELISA data on quantitation of 
murine antibodies raised to the cell wall polysaccharide 
from Streptococcus pneumoniae. Perhaps similar technology 
can be developed for the bead system. 
Results showed that consistently higher absorbance or 
fluorescence values were obtained when beads, as opposed to 
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plates, were used as the solid-phase. Table 9 and Fig. 8 
demonstrate significant differences between using beads and 
plates when used as the solid-phase in s-ELISA at 100 to 
5000 ng/ml levels of LMV and insignificant differences at 0 
to 50 ng/ml levels. This suggests that the beads are 10 
fold more sensitive than the plates for detection of LMV. 
Similar experiments using b-ELISA also revealed that beads 
were 10 times more sensitive than when plates were used as 
the solid-phase (Table 15). However, the difference between 
the two types of solid-phase was only significant at 500 to 
2500 ng/ml levels of LMV. The sensitivity limit of an 
immunoassay using beads as the solid-phase was 20 times more 
sensitive than when plates were used with a fluorogenic 
substrate (MUP) (Table 21). 
Protein adsorption to polystyrene surfaces is 
presumably a non-specific phenomenon (Pesce et al., 1977; 
Ziola, 1978; Zollinger et al., 1976) with protein in a 
coating solution competing for potential binding sites on 
the plastic. Thus, binding capacity may be affected by the 
presence of extraneous serum protein when crude preparations 
of antiserum are used for coating or by the addition of 
protein into the coating buffer. This factor can be 
significant with serum containing low amounts of virus-
specific antibodies. Protein (OVA), BLOTTO (Johnson et al., 
1984) and/or Tween-20, a wetting agent (Van Oss and Singer, 
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1966), was used to reduce non-specific binding of additional 
reactants to solid-phase. 
Beads were easily sensitized with antibody via passive 
adsorption. The adsorption of protein to plastic surfaces 
is attributed to the formation of hydrophobic bonds (Ziola, 
1978); thus, conditions for optimum coating, of temperature 
and protein concentrations were taken into consideration. 
The establishment of optimal conditions can be obscured by 
the presence of antibodies to healthy host antigens (Hill et 
al., 1981a). The initial concentration of coating antibody 
is critical since, during adsorption, an equilibrium is 
established between protein bound and protein in solution. 
Increasing the concentration of coating antibody will not 
necessarily increase assay sensitivity. The percent of 
total input protein adsorbed is usually highest at lower 
protein concentrations (Hermann and Collins, 1976; Peace et 
al., 1977). Little is gained by using high concentrations 
of antibody, since only a limited amount is adsorbed. 
Furthermore, spontaneous elution of antibody is more likely 
to take place at high concentrations of coating antibody 
(Engvall and Perlman, 1971; Hermann and Collins, 1976; Yung 
et al., 1977). In addition, higher concentrations of 
coating antibody give higher non-specific reactions. 
Antigen may attach to desorbed antibody which would lead to 
a reduced uptake of antigen by the solid-phase, kith 
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optimized conditions, a regular and reproducible coating 
with the antibody with minimum non-specific uptake of 
reagents can be attained. 
Maximum binding activity was attained when optimal 
concentrations of reagents were used. Five beads were 
incubated in 5 ml of an antibody solution containing 0.5 to 
2 Mg protein/ml yielding 0.5 to 2 Mg available protein per 
bead. At higher concentrations, sensitivity of detection 
was not enhanced and non-specific reactions increased. 
Lower concentrations yield slightly lower binding activity. 
Ziola (1978) reported that beads (6.4 mm) can adsorb 
approximately 1 g of protein. His results suggested that 
coating solutions can be reused and conserved. 
Coating of beads was done using an overnight incubation 
at room temperature. The choice of these incubation 
conditions is based on the results reported by Bryant (1981) 
that comparable binding capacities in the immunoassay 
developed for SMV were noted with beads coated for 1, 4.5, 
and 20 hr at room temperature. Prolonging the adsorption 
process may lead to a more uniform coating and satisfactory 
binding responses. A higher incubation temperature (37°C) 
was also evaluated for coating beads. This condition 
allowed shorter incubation period (i.e., 6 hr). Clark and 
Adams (1977) have reported little difference in absorbance 
values obtained from wells coated for 2 or 4 hr at 37°C or 
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for 18 hr at 6°C. 
The stoichiometric relationship between the virus 
concentration and bound activity was determined using borate 
buffer (0.05 M, pH 7.2) alone or with the addition of 0.5% 
(NaP03)i3 as the antigen dilution buffer. Borate buffer has 
been shown to reduce putative virus aggregation which can 
contribute to erratic binding reactions in the assay 
(Bryant, 1981). Some difficulties in obtaining a 
stoichiometric relationship between virus concentration and 
absorbance or fluorescence were experienced when LMV was 
suspended in PBS-T. Similar problems were reported by 
Ghabrial and Shepherd (1980) in ELISA tests with LMV. The 
problem seemingly was due to the tendency of the virus to 
aggregate. Borate buffer was suggested for obviating such 
problems. In addition, virus samples prepared in PBS-T 
showed about a one to two times decrease in binding activity 
as shown in Table 5 as compared to those prepared in BB or 
BB-HMP. On the other hand, samples prepared in BB-HMP 
showed comparable binding activity (Table 5). Therefore, 
the borate buffer was used in all assays involving purified 
LMV preparations to enhance stoichiometry. 
The incorporation of simple sugars such as mannose and 
glucosamine in the extraction buffer (BB-HMP), apparently 
unaffected the binding activity of LMV (Table 20b). Some 
advantages have been reported by some researchers (Ghabrial 
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and Shepherd, 1982; Nolan and Campbell, 1984) when the 
simple sugars were added to the extraction buffers. Mannose 
and glucosamine in the extraction buffer increased ELISA 
absorbance values when squash mosaic virus antigen was 
present in seed extracts (Nolan and Campbell, 1984). 
Ghabrial and Shepherd (1982) also included the simple sugars 
in the extraction buffer for lettuce seeds to minimize non­
specific reactions. They were able to reduce the background 
by 50 to 70% and made it possible to readily detect LMV in 
lettuce samples. In this study, extraction and dilution of 
infected lettuce seeds in BB-HMP resulted in binding curves 
similar to those obtained with purified LMV preparations 
(Table 27 and Fig. 17). However, fluorescence values of the 
purified virus in the presence of seed extracts were not as 
high as those without seed extracts. Similarly, Hill et al. 
(1984) noted a 40 to 5U% reduction of counts per min bound 
when monoclonal antibody specific to SMV was used in the 
presence of seed extract. They also reported inhibition 
caused by plant sap when polyclonal antisera were used (Hill 
et al., 1984). Similarly, experiments conducted by Bryant 
et al. (1983) showed BB-HMP was very suitable for the 
preparation of and detection of SMV in seeds by SPRIA. In 
contrast. Hill et al. (1981a) showed that for ELISA, soybean 
mosaic virus was best detected in PBS-T in the presence,of 
soybean leaf extracts. Extracts prepared in borate may 
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contain some products from soybean leaves but not seeds that 
inhibit enzyme reaction either indirectly by binding to 
available sites on the solid-phase or directly by near or to 
the enzyme active site. 
For the detection of bound LMV, an optimum concen­
tration of labeled antibody is necessary to preclude 
excessive or insufficient concentrations that can reduce 
assay sensitivity. By using an optimized concentration of 
conjugated antibody, virus detection was maximized. Clark 
and Adams (1977) indicated that there was no clear optimum 
for concentration of the enzyme conjugated antibody. 
Contrary to this report, Hill et al. (1981a) reported the 
necessity for establishing optimized conditions for ELISA. 
Optimization of antibody reagent concentrations was also 
recommended by Voiler et al. (1980). They suggested that to 
maximize virus detection, optimized concentration of enzyme 
conjugated antibody must be used. Thus, determination of 
optimal protein concentrations for both unlabeled and 
labeled antibody preparations is an indispensable part of 
the development of an assay for virus detection. 
In this study, the response measured by optical density 
or fluorescence in both the presence or absence of virus 
increased as the amount of labeled antibody increased until 
saturating levels were attained. The rate of response was 
greater, however, in the presence of antigen as opposed to 
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the response in the absence of antigen. The ratio of 
activity bound in the presence and absence of LMV reached a 
maximum at protein concentrations of 1 to 3 /ig/ml for assays 
involving the alkaline phosphatase-L-IgG conjugate (Tables 8 
and 18), 2 ^ g/ml for the biotinylated L-IgG (Table 11) and 5 
fig/ml for the /3-galactosidase conjugated L-IgG (Table 24). 
After standardization of the parameters and procedures, 
sensitivities for detecting LMV by the several immunoassays 
evaluated in this study using beads as the solid-phase were 
compared. When s-ELISA and b-ELISA were evaluated, the 
latter was approximately 10 fold more sensitive than the 
former (Table 14 and Figs. 9a and 9b). When b-ELISA was 
directly compared with the fluorescence assays (ELFA-MUP and 
ELFA-MUG), a higher background absorbance reading was 
obtained than in previous experiments (Table 25); thus, 
sensitivity of the former assay was less than that obtained 
previously. Such results are not uncommon in immunoassays. 
Furthermore, the manner by which reagents like virus antigen 
are prepared can also affect the assay's sensitivity. The 
high sensitivity of fluorometric assays has been known for 
many years (Guilbault, 1973; Lowry, 1957). Measurement of 
absorbance spectrophotometrically is limited in sensitivity 
because of its ability to compare two very similar light 
intensities, the reference and sample beams. Fluorescent 
light, on the other hand, is emitted at a longer wavelength 
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than the excitation beam and is usually measured 
perpendicular to it; thereby, the background light is 
minimized and relative fluorescence measured against a dark 
background. Another advantage of the assay is the 
relatively small amount of substrate required for hydrolysis 
before detection. Torrance and Jones (1982) increased 
detection sensitivity 16 times using ELISA system 
incorporating MUP instead of NPP for potato leaf roll virus 
in infected potato and 2 times for apple mosaic virus in 
infected apple. They also found, using the same test, that 
an Andean potato calico strain of tobacco ring-spot virus 
was detected in virtually all seeds of potato plants. 
Several investigators have also evaluated the ELISA system 
and found that it can be remarkably enhanced by the 
substitution of the NPP substrate with MUP. Yolken and 
Stopa (1979) obtained about a hundred fold increase in 
sensitivity of detection of human rotavirus in stool 
specimens. Shalev et al. (1980) found that when NPP was 
used in ELISA, the limit of detection was 10 nM but with 
MUP, sensitivity increased to 10 pM resulting in a thousand 
fold increase in detection sensitivity. Increased 
sensitivity was also obtained using the fluorogenic 
substrate, MUG, for the quantitation of serum ferritin 
(Konjin et al., 1982), and for the detection of viral 
hepatitis in humans and animals (Neurath and Strick, 1981). 
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However, the theoretical sensitivity limit expected on the 
basis of fluorometric measurements of /3-galactosidase 
activity was not achieved due to the high background 
fluorescence obtained with the antigen negative samples. In 
this study, fluorescence values obtained from ELFA-MUG were 
lower than those from ELFA-hUP. However, it should be noted 
that fluorescence readings were highly dependent on the 
dilution factor used for each assay. Therefore, it is not 
possible to compare the two assays in terms of their 
sensitivity for detection of LMV. The P/N ratios obtained 
were similar (Table 26) and the limit of detection was 1 
ng/ml for both. However, relatively higher background 
readings were evident with the use of the substrate MUP due 
to spontaneous degradation of the substrate as opposed to 
MUG (Neurath and Strick, 1981). For LMV detection, any of 
the two fluorescence assays seemed to be suitable. However, 
the ELFA-MUP system was used for all seed assays. The 
rationale for using ELFA-MUP instead of ELFA-MUG is the more 
easily prepared enzyme-conjugated antibody. The conjugation 
of the specific antibody with alkaline phosphatase follows 
the same procedures as those used in s-ELISA. On the other 
hand, conjugation of antibody with p-galactosidase is an 
operationally complex procedure. 
The sensitivity of the assay developed for LMV 
detection was evaluated in seed extracts. Purified LMV 
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preparations were detected at 1 ng/ml by ELFA-MUP. The 
relationship between virus concentration and fluorescence 
was generally sigmoidal and stoichiometric between 50 to 
5000 ng/ml as long as BB-HMP was the diluent (Table 27 and 
Fig. 17). An absolute linear relationship between the two 
parameters is most often difficult to attain, due to the 
tendency of flexuous rod viruses to aggregate (Ghabrial and 
Shepherd, 1980; Hill et al., 1981a, 1981b). The assays 
exhibit the "hook effect" common to double-sandwich 
immunoassay. 
Nonionic polymers have been shown to enhance specific 
antigen-antibody reactions in vitro. One example of these 
polymers is the polyethylene glycol which had been used 
extensively in iramunoprecipitation techniques. Salonen and 
Vaheri (1979) have shown that polyethylene glycol can be 
used for enhancing the immunodetection of viral antibodies 
in human sera. Similarly, Konjin et al. (1982) incorporated 
polyethylene glycol in a ferritin fluorescent ELISA assay to 
enhance the specific antigen-antibody reaction and reduce 
incubation times. By incorporating PEG in the conjugate 
buffer, the relative sensitivity of ELFA-MUP for detecting 
LMV was enhanced as shown by an increase in binding 
activities. Thus, by reducing background readings, 
employing highly purified L-IgG, using optimized incubation 
conditions and concentrations of reagents, and using beads 
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as the solid-phase, the detection of LMV in infected lettuce 
seed samples was achieved. 
The main objective of this investigation was to develop 
a practical, efficient, and sensitive technique for indexing 
lettuce seeds for LMV. Preliminary tests revealed that PBS-
T was less satisfactory than BB-HMP when used to prepare 
seed extracts. The use of PBS-T yielded erratic binding 
reactions and induced particle aggregation when purified LMV 
was used. However, when BB-HMP was used to dilute the LMV 
antigen without the addition of healthy seed extracts, a 
satisfactory dose-response was observed (Table 27 and Fig. 
17). In addition, background fluorescence values were 
generally lower in samples prepared in BB-HMP. Maximum 
fluorescence values observed from purified LMV diluted in 
BB-HMP were about 1.7 times higher than when healthy seed 
extract was incorporated into the dilution buffer. With BB-
HMP as diluent, the relationship between LMV concentration 
and fluorescence values appeared linear at 50 to 5000 ng/ml. 
On the other hand, with BB-HMP plus healthy lettuce seed 
extracts and PBS-T plus seed extracts, the relationship 
between LMV concentration and fluorescence values was linear 
at 1000 to 5000 ng/ml, respectively. Therefore, BB-HMP was 
chosen as the seed extraction buffer to minimize virus 
aggregation, reduce non-specific reactions, and maximize 
binding activities. 
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Data obtained from seed assay demonstrated that antigen 
present in contrived lettuce seed lots containing LMV 
infection was detected with a probability close to that 
which was predicted. The high sensitivity of ELFA-MUP makes 
the assay suitable for routine screening for LMV in large 
quantities of seed samples. The assay can have important 
application for routine seed indexing for seed-borne viruses 
in which virus concentration is very low (Bos, 1977). For 
instance, tests by quarantine authorities for LMV-
transmitted in lettuce seeds are usually done by the grow-
out test method or by testing seedlings or ground seed 
extracts by inoculation to appropriate indicator host plants 
(Kimble et al., 1975) or by enzyme or isotope-labeled 
immunoassays. Direct testing of ungerminated seed by ELISA 
and RIA has been reported by îalk and Purcifull (1983) and 
Ghabrial and Shepherd (1980 and 1982), respectively. 
Replacement of NPP by the flurogenic substrate MUP can 
enhance the ELISA method to detect LMV by 50 times. The 
assay developed, in this investigation (ELFA-MUP) was further 
improved by the employment of polystyrene beads co increase 
surface area available for binding. This observation agrees 
with Shalev et al. (1980) who reported that the addition of 
beads into microtitration plates increased the available 
surface area for binding. Efforts to decrease the 
background fluorescence readings were done by incorporating 
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additives into dilution buffer. The use of substrate MUG 
for the seed assay has shown that it may have some potential 
for reducing background fluorescence readings. This result 
agreed with Neurath and Strick (1981). They noted decreased 
background fluorescence when MUG was used as the fluorescent 
substrate and /3-galactosidase as the conjugating enzyme in 
place of NPP and alkaline phosphatase. The sensitivity of 
the assay was further enhanced by covalently linking the 
antibodies to glutaraldehyde-activated solid-phase. Studies 
along these lines will increase sensitivity of detection of 
LMV and other plant viruses. 
The enzyme immunoassay using a fluorogenic instead of a 
chromogenic substrate and polystyrene beads as the solid-
phase can detect concentrations of purified LMV as low as 1 
ng/ml. Enzyme-linked immunosorbent assays using alkaline 
phosphatase or biotin in the conjugation of the anti-LMV-IgG 
and a chromogenic substrate, NPP, were also capable of 
detection, but, they were less sensitive than those 
immunoassays employing a fluorogenic substrate, MUP or MUG. 
ELISA were noted to be definitely as sensitive as the C. 
quinoa test (Kimble et al., 1975) but much faster and easier 
(Falk and Purcifull, 1983). Another study using ELISA 
conducted by Jafarpour et al. (1979) has shown the detection 
of purified LMV at concentration as low as 9 ng/ml. An 
immunosorbent assay using isotopic-labeled antibody was used 
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by Ghabrial and Shepherd (1980) for detection of purified 
LMV at concentrations as low as 2 ng/ml. In 1982, they 
further showed that RIA can detect three LMV-infected seeds 
per 30,000. Using ELISA, Falk and Purcifull (1983) detected 
consistently one LMV-infected seed in samples containing as 
many as 500 seeds. In this investigation using ELFA-MUP, LMV 
was consistently detected in at least one infected seed in 
samples containing 60:440, 34:466 and 17:483 
infected : healthy seed ratio. 
This appears to be the first report on the use of a 
fluorescent immunoassay for the detection of LMV in lettuce 
seeds. 
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APPENDIX 
PURIFICATION SCHEME FOR LMV: 
INFECTED PLANT TISSUE (3-4 wk after inoculation) 
Homogenize in 0.0165M sodiumphos-
phate buffer, pH 9.0 containing 
0.018M trisodium citrate, 0.1% 
DIECA, 0.5% 2-mercaptoethanol. 
Filter homogenate through a 2-layer 
cheesecloth 
FILTRATE Stir with 2% Triton-X 100 (v/v) overnight at 
4°C 
Centrifuge at 8,000 x g, 15 min in Sorvall 
centrifuge, GSA type rotor. 
PELLET 
(Discard) 
2 times 
SUPERNATANT 
SUPERNATANT Layer on sucrose (39% in 0.05M 
sodiumphosphate buffer, pH 7.6 
containing 0.1% EDTA). 
Centrifuge at 27,000 rpm in Beck-
man L5-65 ultracentrifuge, 30 
type rotor. 
PELLET Resuspend in 1.0 ml @ tube with 0.05M 
phosphate buffer, pH 7.6 + 0.1% EDTA, 
overnight. 
Homogenize in 19 ml of 0.05M sodium-
phosphate buffer, pH 7.6. 
VIRUS'HOMOGENATE Add 3.2 ml of virus suspension 
into 1.8 ml of CsCl gradient; 
mix well. 
2 times Centrifuge at 42,000 rpm in 
Beckman L5-65 ultracentrifuge, 
SW 50 type rotor. 
VIRUS BAND Pool out from gradient tube and 
concentrate by: 
(i) overnight dialysis against 0.05M 
sodium phosphate buffer, pH 7.6 or 
(ii) high speed centrifugation:45,000 rpm 
for 2 hr in Ti 50.1 type rotor 
Estimate protein concentration spectro-
photometrically using =2.4 
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